
Chapter 2
Dielectric Nanomaterials
for Silicon Solar Cells

Ingo Dirnstorfer and Thomas Mikolajick

Abstract Dielectric nanomaterials are emerging as key components in today’s
highly efficient silicon solar cells. The most successful materials are SiO2, SiNx:H
and Al2O3 due to their excellent material properties for surface passivation and light
management. Dielectric passivation layers ensure high level of chemical passivation
by effectively reducing the density of silicon surface states, which could act as
recombination centers for photo-generated charge carriers. Additionally, these
materials provide strong field-effect passivation by a high density of intrinsic fixed
charges. However, novel solar cell concepts demand for dielectric nanomaterials
with additional functionalities, such as electrical conductivity, simultaneous
applicability on n- and p-type substrates or compatibility with low-thermal budget
processing. Recent developments show that these functionalities can be realized in
multi-oxide nanolaminates including HfO2 or TiO2 sublayers. Additionally, alter-
native deposition techniques and innovative processes, such as flash light annealing,
become available to reduce process complexity and thermal budget. This chapter
reviews the theory and application of dielectric nanomaterials in today’s solar cells
and gives an outlook on promising solutions in future solar cells.
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2.1 Dielectric Nanomaterials in Today’s and Future
Silicon Solar Cells

The introduction of dielectric nanomaterials was one of the major advances in
silicon solar cell development. Thermal oxidation of the Si wafer resulted in a
substantial improvement of the surface passivation quality and this improvement
was essential for the first solar cells surpassing the 20 % efficiency mark in the
1980s [1, 2]. SiO2 effectively suppresses surface recombination of photo-generated
electron hole pairs. Additionally, SiO2 provides excellent optical properties for
controlling light reflection losses in the solar cell. In the subsequent years, addi-
tional dielectric nanomaterials emerged for solar cell passivation and these materials
gradually developed from lab scale to industrial standard. SiO2 is still used for high
performance solar cells [3]. However, SiNx:H became the most common dielectric
material in solar cell manufacturing [4, 5]. Recently, Al2O3 also proved excellent
passivation performance and established itself as an additional dielectric material in
silicon solar cells [6, 7].

Figure 2.1a sketches a passivated emitter and rear cell (PERC), which is cur-
rently implemented in industrial manufacturing. The PERC concept is anticipated to
become the dominant commercial cell technology by 2020 [8]. In the PERC solar
cell, the front and rear sides are passivated with dielectric nanomaterials [9]. In most
concepts, SiNx:H is used to passivate the front side of the cell, whereas Al2O3 in
combination with a SiNx:H capping layer is applied at the rear side.

Since dielectric materials are insulators, the passivation layers are locally opened
to facilitate the electrical contact between silicon and metallization. The
state-of-the-art technology for contacting through the SiNx:H layer is the applica-
tion of a screen printing paste containing a lead borosilicate glass frit. During fast
firing annealing at temperatures around 800 °C, this frit etches SiNx:H and pro-
motes the electrical contact between the front side metal paste and the Si surface
[9]. The rear side metallization is contacted by local contact opening (LCO) [10] or
laser fired contacts (LFC) [9]. These processes locally contact the Si wafer though
point contacts, while the surface passivation layer is maintained in large parts.

Today’s PERC solar cells benefit from considerable R&D effort during the last
decades resulting in dielectric nanomaterials with excellent performance, stability
and scalability in industrial environment. However, solar cell development moves
forward and novel solar cell concepts emerge with higher conversion efficiencies and
lower manufacturing costs. Selected cell concepts are displayed in Fig. 2.1(b–f).
These novel concepts demand for advanced dielectric nanomaterials, which will be
discussed in the following.
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2.1.1 Epitaxial Si Foil-Based Solar Cell

Thin, epitaxial crystalline Si foil-based solar cells are realized by CVD growth on
porosified substrates. After deposition, the Si films are detached from the parent
wafer and bonded to a foreign carrier, while the parent wafer is re-used [11].
A PERC-like epitaxial Si foil solar cell is shown in Fig. 2.1b. Epitaxial silicon solar
cells with sub-50 µm absorber layers reach efficiencies of about 20 % today
[12–14]. Thinning of Si absorbers is a very promising route to reduce material

Fig. 2.1 Schematic drawing of the state-of-the-art PERC solar cell (a) and emerging solar cell
concepts, which require further development of dielectric nanomaterials: epitaxial Si foil-based
solar cell (b), hybrid silicon heterojunction solar cell with dielectric surface passivation (c),
simplified PERC solar cell with symmetrical passivation (d), selective contact solar cell (e) and
up-converter solar cell (f). The concepts are discussed in the text
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consumption. Additionally, wafer thinning is motivated by conversion efficiency
enhancement because the intrinsic solar cell efficiency limit imposed by Auger
recombination shifts towards higher values when the wafer thickness is decreased
from today’s standard (*180 µm) to values below 100 µm [15]. However, in
thinned silicon absorbers, surface recombination losses and incomplete light
absorption arise as critical limitations [16, 17], imposing higher requirements on the
dielectric nanomaterials in the solar cells. The critical parameters for electrical and
optical losses are discussed in Sects. 2.2 and 2.5, respectively.

2.1.2 Heterojunction Solar Cell with Dielectric Front Side
Layer

Silicon heterojunction solar cells are based on a pn-junction with hydrogenated
amorphous Si (a-Si:H) and crystalline Si (c-Si). Due to the very good surface
passivation of a-Si:H, this cell concept reaches very high open circuit voltages (up
to 750 mV) and efficiencies up to 24.7 % in double sided contacted cells [18].
Though excellent efficiencies are achieved, the short circuit current is limited by
the very low quantum efficiency of the front side layers, i.e. a-Si:H and ITO, due to
their poor photoelectric properties. To reduce the parasitic light absorption in these
layers, hybrid solar cells are suggested. In hybrid solar cells, the pn-junction is
located at the rear side and a highly transparent dielectric material is used at the
front side (Fig. 2.1c) [19–21]. One obstacle for this concept is the low temperature
budget of a-Si:H (T < 200 °C) [22] compared to the relatively high thermal acti-
vation energy required for the dielectric passivation layers (T * 400 °C). The
integration of hybrid SHJ solar cells with dielectric front side layers can be facil-
itated if the temperature budget of the dielectric passivation layer is reduced.
Low-thermal budget processes are discussed in Sect. 2.3.4.

2.1.3 Solar Cell with Symmetrical Passivation

The state-of-the-art PERC concept is realized with two different passivation
materials for the front and rear side, respectively. Two different materials are
required, since charged dielectric passivation layers perform best on substrates with
oppositely charged majority carriers [23–25]. In a simplified PERC process flow,
the same passivation material is deposited in a single process step on both sides of
the solar cell. A solar cell with symmetrical passivation materials for p- and n-type
Si is shown in Fig. 2.1d. Symmetrical passivation is also applied in interdigitated
back contact (IBC) solar cells for the p- and n-doped areas at the rear side [26, 27].
Symmetrical passivation can be realized by materials, which are free of intrinsic
charges. Zero-fixed-charge multi-oxide nanolaminates are discussed in Sect. 2.4.1.

44 I. Dirnstorfer and T. Mikolajick



2.1.4 Solar Cell with Carrier Selective Contacts

PERC solar cells employ insulating dielectric passivation layers with local inter-
connects between silicon and metallization. Though necessary for the electrical
contact, the metal-semiconductor interconnects partly degrade the solar cell per-
formance, because of their high density of interface states and a very high local
surface recombination rate. Therefore, the contact area requires thorough opti-
mization to achieve both low recombination and ohmic losses [10]. An alternative
to local point contacts are full area, carrier selective contacts, which provide a high
level of surface passivation and electrical conductivity (Fig. 2.1e). In general, these
contacts separate the absorber material, i.e. Si, and the metal contact by a medium
with different conductivities for majority and minority carriers [28]. Dielectric
passivation layers can be applied as carrier selective contacts if they provide suf-
ficient electrical conductivity in addition to high surface passivation. Multi-oxide
nanolaminates employing only dielectric materials are very interesting candidates
due to their synergies with materials already used in PERC manufacturing.
Dielectric carrier selective contacts are discussed in Sect. 2.4.2.

2.1.5 Up-Converter Solar Cell

In single junction solar cells, the dominant loss processes are sub-band gap trans-
mission and thermalization losses of electron-hole pairs generated by photons
exceeding the band gap energy. These losses can be significantly reduced if the
solar spectrum is matched to the silicon band gap [29]. Figure 2.1f shows a solar
cell concept with an up-conversion layer attached to the rear side. Within this layer
two sub-band gap photons are up-converted into one photon, which can be
absorbed in Si. As the up-conversion process utilizes sub-band gap photons, this
process overcomes the fundamental Shockley-Queisser efficiency limit of 30 %
[30]. Up-conversion shifts the theoretical efficiency limit of a single junction Si
solar cell towards 40 % [31]. In a similar way, down-conversion converts high
energy photons into two or more photons of lower energies. Down-conversion also
shifts the efficiency limit due to the better utilization of the photon energy. Concepts
for spectral conversion are discussed in Sect. 1.5.3.
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2.2 Theory of Surface Recombination and Surface
Passivation

2.2.1 Surface Recombination Model

Open bonds at the surface of a crystal result in additional energy levels, which
could be located within the band gap and form recombination centers for electrons
and holes. Free carriers are first captured in these deep traps and then recombine in a
second step. The liberated energy is converted to lattice vibrations and phonons.
The Shockley-Read-Hall (SRH) model describes the recombination rate USRH via
deep traps by [32–34]:

USRH ¼ rnrpvth nsps � n2i
� � Z DitdE

rn ns þ n1ð Þþ rpðps þ p1Þ �
NTvthrnrpnsps
rnns þ rpps

ð2:1Þ

with the thermal velocity vth and the electron and hole concentrations ns and ps at
the surface (unit: cm−3). The free carrier concentrations are a function of substrate
doping and the excess carrier concentration, which depends on the optical gener-
ation rate in an illuminated Si wafer. Furthermore, n1 and p1 are defined as

n1 ¼ niexp
E � Ei

kT

� �
and p1 ¼ niexp �E � Ei

kT

� �
ð2:2Þ

with the intrinsic carrier concentration ni and the intrinsic energy level Ei. The
surface traps are characterized by their density Dit (unit: eV

−1 cm−2) and the capture
cross sections rn and rp for electron and holes, respectively. In general, trap levels
are distributed throughout the band gap and their densities and capture cross sec-
tions are functions of trap energy. Therefore, the recombination rate is determined
by an integral from the conduction to valence band energy level.

The SRH formula simplifies when assuming relevant illumination (ns, ps » ni)
and solely mid-gap defects at Ei. Under these assumptions the recombination rate
only depends on the defect density NT (unit: cm

−2), the free carrier concentrations at
the surface and the capture cross sections of the defect (2.1). In this simplified
formula the surface recombination is a linear function of NT. When differentiating
this expression with respect to the carrier concentration, a maximum is found at ps/
ns = rn/rp, i.e. the highest recombination rate is reached when the ratio of holes and
electrons is equal to the inverse ratio of their capture cross sections. The capture
cross section ratio of mid-gap surface defects is asymmetrical. Typical rn/rp-values
of Si surface defects are 1000 [23] and 20–1000 [35–37], when the surface is
passivated with SiO2 and Al2O3, respectively. Consequently, the highest recom-
bination occurs when the surface concentration of holes exceeds the concentration
of electrons.

The quality of the surface passivation is measured by the surface recombination
velocity, which is defined as [34]
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Seff ¼ USRH

Dn
ð2:3Þ

with the injection level Dn. At a planar surface, the upper limit of surface recombi-
nation velocity is constituted by the thermal velocity of free carriers in the order of
107 cm/s [38]. In today’s PERC solar cells, Seff is typically below 100 cm/s [7, 39].
Very low surface recombination velocities in the range of 1 cm/s and even below are
achievedwith high quality SiO2 [24], Al2O3 [7, 40] and SiNx:H [41] passivation layers.

The surface recombination velocity is usually not measured directly but deduced
from the effective carrier lifetime (seff) in a Si substrate. Several mature techniques
are available to determine the carrier lifetime in Si, such as quasi-steady-state
photoconductance (QSSPC) [42, 43] microwave-detected photoconductivity
(MDP) [44] or photoluminescence [45]. In a both side passivated Si wafer, the
correlation between carrier lifetime and surface recombination velocity is [46]:

1
seff

¼ 1
sbulk

þ 2Seff
W

ð2:4Þ

with the wafer thickness W and the carrier lifetime of the bulk material sbulk. When
the surface is poorly passivated and recombination rate becomes very high, an
additional term describing the minority carrier diffusion towards the surface has to
be taken into account [46]. The measured effective carrier lifetime is a function of
surface and bulk recombination and both recombination channels cannot be sepa-
rated with this measurement. Therefore, the evaluation of passivation materials is
usually done on high quality float zone (fz) Si substrates. In fz Si wafers, the
impurity concentration is very low and SRH recombination at bulk defects is
negligible. The bulk lifetime is only limited by Auger and radiative recombination,
where the excess energy is transferred to a free carrier or a photon. The recombi-
nation rate of these intrinsic processes depends on doping concentrations and
injection level [47]. Considering a typical injection level of non-concentrating solar
cells (Dn = 1014 cm−3) and a typical substrate resistivity of 2 Xcm, the intrin-
sic carrier lifetime can be calculated to be 15 and 25 ms for p- and n-type Si,
respectively. When the measured effective carrier lifetime is well below the cal-
culated intrinsic limit, (2.4) simplifies to Seff � 0.5 W/seff. Based on this reasoning
the measured carrier lifetime is commonly used as a measure for the surface pas-
sivation quality.

2.2.2 Dielectric Charges and Near Surface Recombination

According to (2.1), the surface SRH recombination is a function of the electron and
hole concentrations at the surface. These concentrations are strongly influenced by a
dielectric surface passivation layer if it contains intrinsic fixed charges. A dielectric
layer with positive fixed charges attracts electrons, whereas a negatively charged
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layer attracts holes to the Si surface. The surface charge densities can be calculated
by simultaneously solving the Poisson and continuity equations with the boundary
conditions given by surface SRH recombination and optical generation. A numerical
scheme for solving these equations was described by Girisch et al. [48]. Nowadays,
fast calculation of carrier distributions and recombination rates is provided by sev-
eral shareware Poisson solvers, such as PC1D [49] or AFORS-HET [50].

Figure 2.2a shows the simulated electron and hole surface concentrations as a
function of the fixed charges density (Qf). Densities are always positive; however,
Qf often ranges from negative to positive values, indicating the polarity of the
charges. Fixed charges with densities in the order of 1012 cm−2 can heavily
influence the surface carrier concentration. When the wafer is illuminated, the
surface minority carrier concentration strongly increases whereas the relative
change of majority carriers is small. As a consequence, the asymmetry in free
carrier concentrations reduces with increasing optical generation. However, this
asymmetry is still sufficient to effectively suppress surface recombination.

Fig. 2.2 AFORS-HET
simulation of surface electron
and hole concentrations with
and without illumination
(a) and surface recombination
velocity (b) as a function of
the fixed charge density in the
dielectric. The input
parameters for the simulation
are displayed in the figure.
Both, negative and positive
fixed charges suppress surface
recombination
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The effect of fixed charges on the surface recombination is shown in Fig. 2.2b.
For simulation, a constant generation rate is used as input parameter, e.g. caused by
sun light illumination. The injection level is not constant as it depends on the
effective carrier lifetime via Dn = Gopt/seff and thus on variable surface recombi-
nation. The highest recombination is found at the point where the fixed charges
result in ps/ns = rn/rp. A deviation from this condition reduces the surface
recombination as the recombination becomes limited by either holes or electrons.
Consequently, negative and positive fixed charges suppress surface recombination
equally. At low injection conditions the relation between surface recombination
velocity and fixed charges can be expressed analytically [51, 52]:

Seff � Ndop

Q2
f

ð2:5Þ

with Ndop being the acceptor or donor concentration in p- or n-type Si, respectively.
When the rn/rp-ratio increases, the recombination maximum slightly shifts towards
higher surface hole concentrations, i.e. towards negative fixed charges. However,
this shift is very small. More significant is the fact that the surface recombination
curve becomes asymmetrical due to the higher capture rate for one carrier type.

The influence of charge polarity on the Si surface band bending is shown in
Fig. 2.3. In p-type Si, negative fixed charges create an accumulation layer, where
majority carriers are accumulated at the surface. Positive fixed charges form in
inversion layer with increased minority carrier concentration. Both charge polarities
suppress surface recombination as shown in Fig. 2.2. However, an additional near
surface recombination (NSR) channel opens in the inversion layer. At a distinct point
within the inversion layer, the carrier concentrations fulfill the requirement for
highest recombination rate, i.e. ps/ns = rn/rp. For typical solar cell doping con-
centrations (*1016 cm−3) and fixed charge densities (*1012 cm−2), this point is
approximately 100 nm below the surface. At this position, the recombination at deep

Fig. 2.3 Schematic band diagram of p-type Si with a passivation layer containing negative
(a) and positive (b) fixed charges. Arrows indicate the recombination channels through interface
traps at the surface (1) and in the near surface region (2)
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bulk defects is strongly enhanced. This effect was first observed with positively
charged SiO2 [23–25] and SiNx:H [53, 54] passivation layers on p-type Si. Later, this
effect was also measured with negatively charged Al2O3 passivation layers on n-type
Si [40, 55]. The effect was analytically described for the first time by Glunz et al.
using an empirical formula, which was deduced from the ideal diode equation [56]:

SNSR ¼ J0
qDn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dn=n0;min þ 1

q
� 1

� �
ð2:6Þ

with the equilibrium minority carrier concentration n0,min and the saturation current
J0 as fit parameter. In this equation, the near surface recombination velocity SNSR
increases with decreasing Dn. Consequently, this effect dominates the lifetime at
low injection levels. Though the near surface recombination was described already
more than one decade ago, the origin of the involved recombination centers is still
under discussion. Steingrube et al. suggested the existence of a surface damage
region containing additional defects, which are potentially formed by hydrogen
incorporation during the deposition of the dielectric layer or the post-deposition
annealing step [51, 57–59]. Alternatively, it was shown that homogenously dis-
tributed bulk defects could significantly contribute to near surface recombination
even if their concentration is very small. In the inversion region of p-type Si,
“harmless” bulk defects turn into highly efficient recombination centers when their
rn/rp–ratio is large and the energy level of the defect is located in the lower half of
the band gap [60]. The reduced lifetime in the low injection level range can also be
consistently explained by transport of carriers towards recombination centers at the
edge of the sample [61, 62].

Figure 2.4 shows the effective carrier lifetime in p- and n-type Si with an ideally
passivated surface (Seff = 0). A passivation layer with negative fixed charges is
assumed resulting in an inversion layer in n-type Si. The carrier lifetime is limited

Fig. 2.4 Calculated carrier lifetime as a function of injection level for p- (a) and n-type (b) Si.
A passivation layer with negative fixed charges is assumed (Seff = 0). The intrinsic bulk lifetime
(sintrinsic) and near surface recombination are calculated according to [47] and (2.6)
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by the intrinsic bulk lifetime and, in n-type Si, also by the near surface recombi-
nation. In the injection level range of 1013–1014 cm−3, which is typical in
non-concentrator solar cells, the near surface recombination constitutes a critical
limitation for carrier lifetime. As a consequence, p/n-type Si is usually combined
with negatively/positively charged passivation layers.

2.2.3 Surface Passivation

Dielectric nanomaterials provide chemical and field-effect passivation. Chemical
passivation reduces surface recombination centers and results in low Dit values.
Field-effect passivation is caused by intrinsic charges in the dielectric layer, which
produce an electric field altering the electron and hole concentrations at the surface.
These two passivation effects control the key parameters of the SRH surface
recombination process (2.1).

2.2.3.1 Chemical Passivation

The termination of a regular crystalline lattice results in a large number of unsat-
urated chemical bonds at the surface. For Si, thermal surface oxidation provides a
very effective saturation of chemical bonds resulting in a low density of interface
states. The high electrical quality of the Si/SiO2 interface is one of the key
advantage of Si as a semiconductor [63]. Deal and Grove studied the thermal
oxidation kinetics of Si in detail. Based on their model, oxygen diffuses from the
gas phase through the amorphous oxide towards the substrate where it reacts with
silicon to SiO2. The oxide formation occurs at an buried interface [64, 65]. Despite
of a significant bond density mismatch of crystalline Si and amorphous SiO2, the
interface was found to be rather abrupt within very few atomic monolayers. Within
this interface the Si atoms are either bound in Si or in SiO2 leaving a very low
density of open bonds [66].

When high-k oxides, such as Al2O3, TiO2 or HfO2, are deposited on Si, the
interface is not abrupt but the materials are separated by an interfacial SiOx layer
[63]. The interfacial SiOx layer thickness is usually in the order of a few monolayers
[52, 67]. This layer is formed during the oxide deposition process and it is even
found on H-terminated substrates where the native SiO2 layer was removed by HF
etching prior to deposition [40]. However, the SiOx interface thickness increases
when deposition is done on substrates covered by native SiO2 [68]. Very thick
interfacial SiOx layers of up to 8 nm were found in samples produced by reactive
sputtering of Al2O3 [69]. The SiOx thickness also slightly increases during
post-deposition annealing at 400 °C [40, 70]. It is suggested that residual –OH
groups react with the Si surface [71]. Interfacial SiOx is also found in HfO2 pas-
sivation layers [72, 73]. In SiNx:H, a thin SiNxOy layer is found at the interface to
silicon. This oxynitride is suggested to be formed in a reaction with native SiO2
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during SiNx:H deposition [74]. As a consequence, the interfaces between Si and the
passivation layers are basically Si/SiO2-like. The high electrical quality of inter-
facial SiOx is suggested to be the key to the excellent chemical passivation of
dielectric materials [52, 75].

The surface passivation is significantly enhanced by hydrogenation of the
Si/SiOx interface. Most dielectrics used for surface passivation already contain a
high quantity of hydrogen, as hydrogen is part of the deposition chemistry. Typical
Al2O3 passivation layers contain 2–7.5 at.% hydrogen, mainly incorporated as –OH
groups [70], with increasing concentration at lower deposition temperatures [76,
77]. In SiNx:H, the hydrogen concentration is in the range of 10 and 20 at.% [41,
78]. SiO2 contains about 8 at.% of hydrogen [79] when grown by ALD, whereas
SiO2 grown by thermal oxidation of Si is free of hydrogen.

Hydrogenation of the interface is a temperature activated process, which
involves the transport of hydrogen towards the interface and the reaction with open
bonds at the Si surface. The elevated hydrogen concentration at the Si/SiOx

interface after annealing can be detected with SIMS measurements [80]. The
dynamics of this process depends on the annealing temperature and the mi-
crostructure of the dielectric layer [81, 82].

Fig. 2.5 Effective carrier
lifetimes (at Dn = 1015 cm−3)
as a function of cumulative
annealing time tan and
annealing temperature Tan (in
N2 atmosphere). The
deposition temperatures Tdep
of the Al2O3 passivation
layers are 130 °C (a) and
230 °C (b). The “as dep.”
annealing time refers to the
as-grown layer. The solid
lines are fits using (2.7).
Reprinted with permission
from Applied Physics Letters
104, 061606. Copyright 2014,
AIP Publishing LLC [82]
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Figure 2.5 shows the activation dynamics of an Al2O3 layer. The activation of
the passivation layer (seff > 1 ms) requires an annealing temperature between 350
and 450 °C and an annealing time of about 10 min. The evolution of carrier lifetime
as a function of the annealing time tan is described by [82]:

1
seff tanð Þ ¼

1
sbulk

þ 2
W

S1 þ S0
1þRacttan

� �
ð2:7Þ

Ract ¼ C � exp � EA

kBTan

� �
ð2:8Þ

with S0 and S1 being the surface recombination velocities prior to and after long-time
annealing, respectively. These two parameters and the reaction rate Ract were fitted to
the experimental data and it was found that the reaction rate exhibits Arrhenius
behavior described by (2.8). Thus, the hydrogenation of interface defects is a tem-
perature activated process with a characteristic activation energy. Though the applied
fit functions varied in different investigations, similar activation energies of 1.5–
1.6 eV [82] and 0.9–1.2 eV [81] were found for ALD-grown Al2O3 and SiO2/Al2O3

layers after annealing in N2 atmosphere. PVD-grown Al2O3 has an activation energy
of 1.1 eV during H2/N2 annealing. In PVD-grown layers, the reaction rate is about
four orders of magnitude lower due to a lack of mobile atomic hydrogen [83]. For
thermally grown SiO2, values of 1.5–1.7 eV are measured during annealing in H2

atmosphere [84]. Since the activation energies of different materials match very well
and exceed the activation energies reported for hydrogen diffusion, it is concluded
that hydrogenation of the interface is a reaction limited process [81, 82, 84, 85].

Layers with high hydrogen content can be activated without external hydrogen
source. For activation of Al2O3, a simple hot plate annealing in lab environment is
virtually sufficient. The application of H2-containing atmospheres hardly improves
the passivation level of Al2O3 [81, 86] and TiO2 [87]. Therefore, most groups perform
annealing in a temperature controlled oven with N2 atmosphere. However, annealing
in H2-containing gas atmosphere is required for passivation layers with low or zero
H-content, such as Al2O3 deposited by PVD [83] or thermally grown SiO2 [84].

The reaction rate is also influenced by the microstructure of the material, i.e. the
structural material properties determine the constant C in (2.8). Figure 2.5 shows
that activation of Al2O3 is significantly faster when the layer is grown at lower
deposition temperatures. At low ALD and PECVD process temperatures, the mass
density of films reduces due to enhanced incorporation of carbon and hydrogen
contaminations [70, 76, 77]. The larger hydrogen reservoir supports accelerated
hydrogenation during post-deposition annealing [81, 82].

Annealing supports hydrogenation of the interface, however, at the same time it
also leads to outdiffusion and hydrogen loss. When the outdiffusion process prevails,
the level of passivation degrades. This degradation is observed when the Al2O3 layer
thickness descends below a value of about 10 nm (Fig. 2.6a). The reduction of
carrier lifetime is correlated to a strong increase of Dit values (Fig. 2.6b), which is
consistent with the creation of dangling bonds due to hydrogen release [67, 88].

2 Dielectric Nanomaterials for Silicon Solar Cells 53



The loss of hydrogen becomes more critical at higher annealing temperatures. In
thermal effusion experiments on ALD-grown Al2O3, the hydrogen signal signifi-
cantly rose at temperatures above 400 °C [81]. The peak temperature of H2 and
H2O effusion depends on the microstructure of the films. Films deposited at tem-
peratures between 200 and 400 °C are relatively dense and the maximum effusion
shifts towards 700 °C, whereas the effusion maximum already appears at 400 °C
when the films are grown at only 50 °C. Thus, denser films provide better stability
against hydrogen loss during high temperature annealing [81]. Furthermore, higher
layer thickness provides better temperature stability [89]. Hydrogen loss and film
degradation is also observed in SiNx:H films at temperatures above 500 °C [78].

Temperature stability of passivation layers is crucial as the PERC process
sequence contains a short-term fast firing step at 800–900 °C. To increase the firing
stability of thin Al2O3 layers, the films are usually capped with a thick (*100 nm),
hydrogen-containing SiNx:H layer [89–91]. Nuclear reaction analysis measure-
ments confirm that this capping prevents H outdiffusion and maintains a high

Fig. 2.6 Effective carrier
lifetime (a) and Qf and Dit

values (b) as a function of
Al2O3 layer thickness after
annealing at 425 °C. At a
layer thickness below of
10 nm, the carrier lifetime
drops due to increased Dit

values. Reprinted with
permission from Journal of
Applied Physics, 109,
113701. Copyright 2011, AIP
Publishing LLC [67]
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hydrogen concentration at the interface [92] resulting in a high chemical passivation
after firing.

The available bonds per unit area of an unpassivated Si surface depend on the
crystal orientation. In the Si (111) plane, the available bond density equals
1.2 � 1015 cm−2, whereas the density is only 7 � 1014 cm−2 in the (100) plane
[93]. After thermal oxidation of the surface, the available bond density at the silicon
surface is found to correlate to the interface state density. As interface states below
the gate dielectric are critical for the transistor functionally, todays CMOS manu-
facturing is based on (100) substrates [65].

The surface plane orientation is more complex in solar cells. Standard
mono-crystalline solar cells are produced on (100) wafers where at least the front
surface is textured and the surface plane orientations become (111). However, several
studies revealed that the correlation between surface plane orientation and surface
recombination is low. Texturing is found to increase the emitter saturation current
density with a textured-to-planar ratio of 1.5–2. However, the degradation was
mainly attributed to the larger surface area whereas the influence of the crystal
orientation was small [94]. Liang et al. investigated the Al2O3 passivation of different
surface orientations and measured a better passivation of the (100) surface, however,
the improvement was correlated to an increase in fixed charges rather than a reduction
of interface defects [95]. Black et al. also reported an influence of the different surface
orientations on the performance of as-grown Al2O3 layers. However, the differences
vanished after annealing [96]. On multi-crystalline wafers with well-passivated
surfaces, the carrier lifetime was limited by recombination through crystal defects and
the influence of surface planes orientation was negligable [97].

2.2.3.2 Field-Effect Passivation

Most dielectric layers contain intrinsic fixed charges, which provide field-effect
passivation. Two methods are commonly applied to determine the fixed charge
densities, the capacitance-voltage (CV) measurement on a metal-insulator-
semiconductor test structure [34, 93] and the corona charge measurement directly
applied on the passivated substrate [52, 56]. Additionally, lateral 2D mapping of the
fixed charge distribution was demonstrated using a passivated substrate with a full
area rear side electrode and photoluminescence imaging [98] or carrier lifetime
mapping [99, 100]. Figure 2.7 shows a corona charge measurement on three dif-
ferent passivation materials. In this measurement the surface recombination velocity
peaks when the deposited corona charges compensate the field-effect passivation.
The measurement reveals positive fixed charges in SiNx:H and SiO2 layers and
negative charges in Al2O3.

Fixed charges are formed during film deposition and during post-deposition
annealing. In SiNx:H, the intrinsic charges are related to K centers (∙Si � N3),
which are formed by Si atoms backbonded to nitrogen [101]. With increasing
[N]/[Si] ratio, the density of K centers increases at the interface, although these
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centers are to some extent passivated by the presence of H [102]. These centers
have amphoteric character with a positive, neutral or negative charge state. In
stoichiometric and N-rich SiNx:H films, the dangling bond of the K center is the
dominant deep defect level, which becomes positively charged after electron
emission. When the [N]/[Si] ratio is reduced, the density of K centers decreases and
the films converge to amorphous Si, which is free of intrinsic charges [41, 103,
104].

In Al2O3, the fixed charge density depends on the applied process parameters
during layer deposition. Plasma enhanced deposition methods tend to produce
higher fixed charge densities than thermal processes [105–107], presumably due to
the influence of highly reactive gas species in the plasma. Post-deposition annealing
further supports the fixed charge formation and the charge density increases with
annealing temperature up to about 500 °C [86, 108]. At higher annealing temper-
atures, the effect on charge formation reverses and charge densities decrease.

Oxide fixed charges are located at the interface to Si. When the Al2O3 thickness
is reduced to 1 nm the fixed charge density hardly changes [67, 88] (Fig. 2.6b).
This result is confirmed by CV-measurements on slant-etched oxides (Fig. 2.8). For
these measurements, ALD-grown Al2O3 and SiO2 layers are capped with an
insulating HfO2 top layer to block the leakage current even in very thin oxides.
With this strategy it is possible to measure the flat band voltage of oxides as a
function of thickness down to the sub-nanometer range [109]. The measured flat
band voltage linearly increases with the effective oxide thickness (EOT), which
suggests an oxide with solely interface charges [34, 93]. The densities are 2 � 1011,
3 � 1012 (negative charges) and 1 � 1012 cm−2 (positive charges) in HfO2, Al2O3

and SiO2, respectively. A significant deviation from the linear function only
appears when EOT approaches the value of the capping layer (about 8 nm EOT),
i.e. the oxide thickness falls below 1 nm (grey line in Fig. 2.8). For Al2O3, a steep
Vfb drop of about 1 V appears at an Al2O3 thickness below 1 nm. In the SiO2 layer,

Fig. 2.7 Surface
recombination velocity versus
deposited corona charge
density for SiNx:H, SiO2 and
Al2O3 layers after annealing
at 400 °C. Reprinted with
permission from Journal of
Vacuum Science &
Technology A, 30, 040802.
Copyright 2012, American
Vacuum Society [6]
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the voltage drop is less pronounced. The flat band voltage drop correlates to the
built-up of fixed charges within the first nanometer of the layer.

Bulk charges would result in a parabolic dependency on EOT, which is not
visible in Fig. 2.8. Based on the Vfb function and a measurement error of
±100 mV, the bulk charge density is below 2 � 1017 cm−3 in ALD-grown SiO2

and Al2O3 [109]. Assuming an EOT of 20 nm, the influence of bulk charges on the
flat band voltage is comparable to the effect of interface charges with a density of
2 � 109 cm−2. This result indicates that the influence of bulk charges is negligible.
However, earlier investigations on slant-etched Al2O3 layers indicated a significant
density of negative [110] or positive [111, 112] bulk charges in the range of
1019 cm−3. The large spread of values might be explained by the difficulty to
exclude systematic error sources in the thickness series, such as charge trapping
during CV measurements.

2.2.3.3 Formation of Fixed Charges in Al2O3

The origin of the interface charges in Al2O3 is still under discussion. It is found that
Al2O3 has different structural properties at the interface to Si, where the fixed
charges are located. In situ x-ray photon spectroscopy (XPS) revealed a strongly
increased [O]/[Al] ratio at the interface to Si [67, 113]. Figure 2.9a shows the
excess O fraction as a function of the layer thickness. At the interface, about 50 %
of oxygen is neither stoichiometrically bound to Si as SiO2 or to Al as Al2O3 [113].
When moving away from the interface, the O-excess rapidly drops and the [O]/[Al]
ratio finally approaches the nominal value of 1.5. Post-deposition annealing at
400 °C only slightly affects the [O]/[Al] ratio suggesting that the O-rich layer is

Fig. 2.8 Flat band voltages as a function of EOT determined on slant-etched Al2O3 and SiO2

layers with HfO2 capping and on slant-etched HfO2 (stacks plotted on right side). The data follow
a linear function (solid lines) down to sub-nanometer Al2O3 and SiO2 layers (capping layer EOT:
*8 nm). This linearity suggests that charges are located at the interface to Si. Reprinted with
permission from ACS Appl. Mater. Interfaces, 7, 28215–28222. Copyright 2015, American
Chemical Society [109]
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already formed during layer deposition. Apparently, the stoichiometry deviation is
caused by the initial growth of Al2O3 on the Si substrate.

Kimoto et al. investigated the Al coordination within Al2O3 by spatial resolved
electron energy loss spectroscopy (EELS) [114]. Figure 2.9b shows the energy-loss
near-edge structures (ELNES), which are sensitive to the valence and the coordi-
nation of the specific elements. The authors investigated the Al-L23 ELNES and
found the T and O peaks throughout the layer, corresponding to tetrahedrally and
octahedrally coordinated Al in Al2O3, respectively. However, the intensity of the T

Fig. 2.9 XPS (a) and EELS
(b) measurements of the
initial growth region in Al2O3.
XPS data reveal an O-excess,
which decreases with
increasing Al2O3 layer
thickness. Reprinted with
permission from J. Vac. Sci.
Technol. A 30, 04D106.
Copyright 2012, American
Vacuum Society [113].
Spatially resolved EELS data
of a Si/SiOx/Al2O3

cross-section show an
enhanced tetrahedral
coordination of Al atoms
(Al-L23 T peak) close to the
interface to Si. Reprinted with
permission from Appl. Phys.
Lett. 83, 4306. Copyright
2003, AIP Publishing LLC
[114]
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peak, i.e. the tetrahedral coordination, is dominant near the interface. Additionally,
it is found that the Si-L23 fine structure does not differ within the amorphous oxide
layer at the interface. It is suggested that an aluminum silicate interface layer is
formed, where Si atoms exist as SiO4 tetrahedra. This tetrahedral coordination of
cations in aluminum silicate influences the initial growth of Al2O3 resulting in
different Al coordination at the interface compared to the bulk layer [114].

Lucovsky et al. investigated the local atomic structure in binary SiO2–Al2O3

glasses and found that Al atoms were incorporated in both Al3+ ions and in AlO�
2=4

tetrahedral groups due to the different electronegativity of the cations. The Al3+ ions
are incorporated in a site, which has an octahedral coordination by oxygen atoms.
Its positive charge is autocompensated by the negative charge of an AlO�

2=4 network
group. To ensure charge neutrality, the ratio of tetrahedral and octahedral
Al-coordination is 3:1 [115]:

2Al2O3 � 3AlO�
2=4 þAl3þ ð2:9Þ

As the AlO�
2=4 network group is O-rich, an excess of tetrahedral coordination is

consistent with the O-excess observed with XPS at the interface. Since the struc-
tural deviations spatially correlate to the location of fixed charges it is suggested that
the tetrahedral coordination is the root cause for the negative charges in Al2O3 [6,
52]. Another approach for understanding the intrinsic charge formation is based on
charged point defects. First principles calculations of defect formation energies
reveal that oxygen interstitials (Oi) and aluminum vacancies (VAl) have the lowest
formation energies and are the most stable defects in O-rich crystalline Al2O3 [116].
Both defects are negatively charged and form energy levels close to the valence
band of Si according to simulation. Therefore, Oi and VAl point defects are sug-
gested to act as fixed charge centers in crystalline Al2O3 [117, 118]. Al2O3 pas-
sivation layers are amorphous since crystallization does not occur at the applied
process temperatures. Nevertheless, point defects are also suggested to be the origin
for the negative charges in amorphous Al2O3 [113].

Charges in passivation layers are commonly referred to as ‘fixed’ charges.
However, several studies indicate that the charge density at least partly depends on
external forces such as illumination and electric field. Gielis et al. observed a con-
tinuous increase of charge density in Al2O3 after laser illumination during second
harmonic generation measurements [119]. Liao et al. illuminated the Al2O3 passi-
vation with sun light for several 100 h. During light soaking the carrier lifetime
increased from 1 to 1.5 ms, which was correlated to an increase of negative charges
in Al2O3 [120]. Illumination also reduces the density of positive charge in SiNx:H
films [54]. The authors explain this effect by a photo-induced electron injection into
the dielectric. When the samples are stored at dark the charge injection at least partly
reverses and the measured charge density returns to the initial value.

Charging of Al2O3 is also observed as hysteresis in CV measurements [68, 121,
122]. Hysteresis becomes visible when the charge density changes during the
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voltage sweep due to electron trapping at positive voltages and electron detrapping
at negative voltages applied to the dielectric.

Figure 2.10 shows a simplified energy diagram of trap sites in Al2O3 to illustrate
the difference between fixed and trapped charges. Structural defects create different
energy levels in the Al2O3 band, which could interact with the Si substrate. Three
different defect sites are distinguished as suggested in [123]. Defect site A is asso-
ciated with a deep energy level, which is located close to the Si interface. Assuming
an acceptor or amphoteric character of this defect, it will be intrinsically charged by
electron capture from Si. Hence, this site is negatively charged and the charges are
fixed due to the high activation energy. Defect site A could be related to tetrahedrally
coordinated AlO�

2=4 units or to other defects caused by oxygen excess. In crystalline
Al2O3, intrinsic Oi and VAl point defects are calculated to form deep traps with
energy levels close to that of defect site A drawn in Fig. 2.10 [117, 118]. Similar
structural defects might be responsible for deep electron traps in amorphous Al2O3.

Defect sites B and C are located above the Si Fermi level and charge trapping
requires an external force such as illumination or electric field. Light absorption
could lead to electron injection into the dielectric layer where the electrons are
captured into trap sites (Fig. 2.10a). The application of an electric field lowers the
trap level energy and the barrier height for electrons tunneling towards the defect
(Fig. 2.10b). As soon as the layer returns in an unstressed state, i.e. light or electric
field are switched off, the trapped charges tend to relax to the energetically
favorable Si conduction band (Fig. 2.10c).

The dynamics of charge trapping and detrapping has been extensively investi-
gated for nonvolatile memory devices [124–126]. Charge trapping is described by
tunneling through the interfacial SiOx layer into the high-k dielectric. As the tun-
neling probability depends on the energy barrier height and the tunneling distance
[93], states close to the interface are occupied first. The same applies for detrapping
via tunneling. States close to the interface relax the fastest. Using the simplified

Fig. 2.10 Simplified energy diagram of Al2O3 to illustrate the role of fixed and trapped charges.
Defect site A is negatively charged due to its low energy level. Defect sites B and C can trap
electrons from Si during illumination (a) or application of electric field (b). After the external stress
pulse, the electrons partly relax to the Si conduction band (c)
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drawings in Fig. 2.10, charges in defect site B have poor retention and relaxation
quickly starts after the external stress is removed. This defect could cause hysteresis
effects during measurements. Defect site C has higher retention and it remains
charged due to the lower tunneling probability for trapped charges. If charges are
trapped at this defect, the layer remains charged even after the external stress is
removed. As the trapped charges have to pass through the interfacial SiOx layer, the
thickness of this layer essentially determines the tunneling probability.
Consequently, the trapped charge density in Al2O3 reduces when this barrier is
enforced by additional SiO2 deposition [68, 127].

Trapping states in Al2O3 were characterized by the trap spectroscopy by charge
injection and sensing (TSCIS) method [128, 129]. It was found that crystalline
Al2O3 contains a rather narrow (*0.2 eV) trap band with a high density of trapping
states. This band is located at 2.16 eV below the Al2O3 conduction band, which is
roughly the energy position of defect sites B and C in Fig. 2.10. However, in
amorphous Al2O3 with post-deposition annealing temperatures below 1000 °C, a
homogeneous trap distribution was found [128]. Therefore, defects sites B and C
are representatives of a continuous defect distribution in amorphous Al2O3 layers.

As trapped charges could significantly contribute to the field-effect passivation it
was suggested to engineer their density.Werner et al. could increase the charge density
up to 1013 cm−2 after applying an external positive voltage to a metal electrode on top
of Al2O3. Unless the samples are annealed at 350 °C the charge retention is very good
and the trapped charges support the field-effect passivation [123]. A substantial
increase of trapped charges is achieved by Ti-doping of Al2O3, which also results in
improved carrier lifetimes [122]. Charge trapping is also observed in SiNx:H films,
which are positively charged. The charge density could be increased above 1013 cm−2

after applying an external voltage [130]. The net charge polarity could also be turned
from positive to negative after electron trapping in SiNx:H films [131].

2.3 Deposition Methods

In solar cell manufacturing, plasma enhanced chemical vapor deposition (PECVD) is
the dominant deposition technique for front and rear side passivation layers.
Besides PECVD, only the atomic layer deposition (ALD) technique reached a signif-
icant market share of 10–20 % for processing the Al2O3 rear side passivation. Other
methods have been developed as well. However, according to the ITRPV forecast of
2015 they are not expected to gain significantmarket sharewithin the next decade [132].

2.3.1 Plasma Enhanced Chemical Vapor Deposition

PECVD is used to deposit thin films from the gas phase. A plasma generator
produces a glow discharge (plasma) in which precursor gases are (partly)
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transformed into radicals, ions or other highly excited species. These atomic and
molecular species react with the substrate resulting in material deposition. Since the
excitation of the precursor gases occurs by collision in the gas phase, the substrate
can be maintained at low temperature. The low deposition temperature is one of the
main advantages of PECVD over the conventional CVD process.

The film properties strongly depend on the deposition parameters and the reactor
design [4, 5, 74]. Common reactor designs are parallel-plate (‘direct’ plasma) and
‘remote’ plasma systems. In parallel-plate reactors, the silicon wafer is placed
between the two electrodes and is hence in direct contact with the plasma. In this
configuration, the plasma frequency becomes a crucial parameter. To reduce the
plasma damage by accelerated ions, high-frequency (>13.56 MHz) plasma systems
are used [41, 78, 133]. In remote PECVD systems, the process gas is excited
outside of the deposition chamber and the silicon wafer is not in direct contact with
the plasma and ion bombardment damage is largely avoided. The widespread
industrial high-throughput MAiA® system of Meyer Burger AG employs a
2.45 GHz linear microwave plasma source where a quartz tube with inner copper
antennas generates the plasma outside of the tube [134].

Table 2.1 gives an overview of applied precursor gases and process conditions
for PECVD of different passivation materials. For SiNx:H deposition, ammonia and
silane are commonly used. However, experiments were also done with additional
N2 and H2 gas supply to grow layers close to ideal stoichiometry [78] and to
enhance the hydrogen incorporation [41], respectively. The stoichiometry of SiNx:
H films can be widely adjusted by the ratio of precursor gases and this flexibility is
used to tune the films for best performance. The [Si]/[N]-ratio controls the refractive
index and absorption coefficient, which determine the antireflection properties of
the SiNx:H layer (Sect. 2.5.1). Additionally, the surface passivation properties
depend on stoichiometry, whereby a general trend towards better performance is
found in more Si-rich SiNx:H films [41, 134, 135]. Al2O3 layers reach best pas-
sivation properties in nominal or slightly O-rich stoichiometry ([O]/[Al] � 1.5)
[70, 105].

Table 2.1 Typical process settings in PECVD of silicon surface passivation layers achieving
Seff < 10 cm/s after annealing. The abbreviation TMA stands for trimethylaluminium Al(CH3)3

Material Precursor gases Process ambient References

SiNx:H SiH4 + NH3 350–450 °C [134–137]

SiO2 (SiNx) SiH4 + N2O 250–350 °C [138, 139]

Al2O3 TMA + CO2 (+H2) 200 °C [133, 140]

TMA + O2/Ar 200–300 °C [76, 141]

TMA + N2O 350 °C [94, 142–144]
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2.3.2 Atomic Layer Deposition

ALD processes for oxides are based on a sequence with two surface reactions
(Fig. 2.11). These sequential gas-surface reactions are called ‘half-reactions’.
During the first half-reaction, the precursor gas is pulsed into the reactor chamber
until the substrate surface is fully adsorbed by the precursor gas. Subsequently, the
chamber is purged with an inert carrier gas (typically N2 or Ar) to remove any
unreacted precursor or by-products of the reaction. This is then followed by an
oxidizing agent pulse, which reacts with the adsorbed precursor molecules to the
oxide. Finally, the chamber is purged to remove the reactants. Subsequently, this
process is cycled until the thickness target is reached. As the process is self-limited
by the gas adsorption to the substrate, the growth can be controlled on a single layer
level. The growth per cycle (GPC) values depends on reactant gases and process
temperature. Typical values are 1 Å/cycle for Al2O3, SiO2 and HfO2 and
0.3 Å/cycle for TiO2.

Because the surface reactions are performed sequentially, the two gas phase
reactants are not in contact in the gas phase. This separation of the two reactions
limits possible gas phase reactions that can form particles and produce granular
films after deposition on the surface. As a result, ALD films grow extremely smooth
and conformal. Because of the homogeneous coverage with reactants no surface
sites are left behind during film growth and the films tend to be very continuous and
pinhole-free [146]. These factors result in excellent surface passivation properties
of ALD-grown layers.

Fig. 2.11 Schematic drawing of the Al2O3 ALD process with TMA and H2O precursors.
The ALD cycle comprises of two half reactions with a sequence of metal precursor and oxidizing
agent separated by purge pulses (according to [145])
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The first investigations on ALD-grown Al2O3 passivation layers were published
only one decade ago [40, 147]. Triggered by the excellent material properties of
Al2O3, intensive research followed on new materials and processes. Today,
excellent passivation performance has been demonstrated for numerous
ALD-grown materials (Table 2.2). Interestingly enough, the most common passi-
vation material, i.e. SiNx:H, cannot be found in this list. The plasma enhanced ALD
process of silicon nitride is developed for the application in microelectronic devices
[148, 149]. However, reasonable surface passivation of this material has not been
reported yet. One of the barriers is the stoichiometric nature of ALD-grown silicon
nitride, i.e. Si3N4, whereas good passivation performance is achieved Si-rich films.

In the conventional temporal ALD the precursors are sequentially dosed into the
reaction chamber and separated in time by purge pulses. ALD tools in research and
microelectronic manufacturing are usually based on temporal processing. To meet
the demand for high-throughput and low-cost equipment for solar cell manufac-
turing, spatial ALD concepts were introduced recently. In spatial ALD, the pre-
cursors are supplied continuously but the two reactions are spatially separated. The
reactor contains two zones where the half-reactions take place. The ALD cycles are
realized by moving the substrates between these two zones [159]. Spatial ALD
systems are designed for industrial throughput above 1000 wafers/h. Several
studies reveal the excellent passivation quality of spatially ALD-grown Al2O3 on
wafers [150] and solar cells [160, 161].

Table 2.2 Typical process settings in ALD of silicon surface passivation layers achieving
Seff < 10 cm/s after annealing. The abbreviations BDEAS stands for bis(diethylamino)silan H2Si
[N(C2H5)2]2, TEMAHf for tetrakis(ethylmethylamino)hafnium Hf[N(CH3)C2H5]4 and TTIP for
titanium tetraisopropoxide Ti(C12H28O4), respectively

Material Precursor 1 (metal
precursor)

Precursor 2
(oxidizing agent)

Process
ambient

References

Al2O3 TMA H2O 100–300 °C [6, 76, 105, 150,
151, 153]

O2 plasma 100–300
(500) °C

[6, 40, 76, 105,
119]

O3 [6, 105, 152]

SiO2 BDEAS O2 plasma 150–200 °C [79, 153]

HfO2 TEMAHf O2 plasma 200 °C [154]

H2O 150–200 °C [109, 151 153]

Trimethyl-hafnium H2O 300 °C [72]

TiO2 TTIP H2O 200–250 °C [87, 151]

TiCl4 H2O 100–200 °C [155, 156]

Ta2O5

(SiN)
Tantalum-ethoxide H2O 250 °C [157]

Ga2O3 Trimethyl-gallium O2 plasma 75 °C [158]
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2.3.3 Alternative Deposition Methods

Though PECVD and ALD tools dominate the market today, novel techniques
emerge due to their potential to reduce production costs and to replace the pyr-
ophoric TMA process gas. Atmospheric pressure chemical vapor deposition
(APCVD) is very interesting for industrial high-throughput applications because of
the elimination of vacuum and consequently reduced equipment costs.
Additionally, Al2O3 deposition is possible with the non-pyrophoric triethyldialu-
minum tri-(sec-butoxide) precursor [162]. Black et al. reached excellent surface
recombination velocities of below 3 cm/s with APCVD-grown Al2O3. Similar to
films grown by PECVD or ALD, APCVD-grown layers also contain negative fixed
charges in the order of 1012 cm−2 providing high field-effect passivation.
Additionally, films capped with SiNx:H feature very good thermal stability during
fast firing [163, 164]. APCVD was also used to deposit TiO2 for surface passivation
and antireflection coating [165, 166].

Another promising deposition technology is sputtering. Sputtering is a mature
technique widely used in electronics and thin-film industries and it is available for
large-scale processing. Sputtering targets consist of non-toxic materials. However,
surface passivation properties of sputtered layers lag behind the performance
achieved with established methods. Most publications on sputtered passivation
layers report carrier lifetimes in the range of 100 µs or even below. One of the
obvious drawbacks of sputtering is that the process does not involve an obvious
source of hydrogen. Contrary to metal-organic precursor gasses, metallic or ceramic
sputtering targets are free of hydrogen. It was shown that reactive sputtering with
additional H2 gas supply significantly improved the passivation performance of
SiNx:H [167] and Al2O3 [168]. Zhang et al. demonstrated carrier lifetimes up to
5 ms with hydrogen-sputtered Al2O3 [168]. Despite of this excellent value, the role
of hydrogen is still under discussion. This discussion is inspired by the fact that
hydrogen was also detected in high concentrations in sputtered Al2O3 layers [169]
potentially caused by remaining water vapor in the vacuum chamber. Additionally,
it is shown that process parameters and film stoichiometry are at least as important
and lifetimes in the millisecond range are feasible even without additional hydrogen
supply [83, 170].

Though sputtered passivation layers have not yet reached the high quality of
films grown by the established methods, the achieved level is already sufficient for
the application in highly efficient PERC solar cells. Schmidt et al. demonstrated an
cell efficiency above 20 % with sputtered rear side Al2O3 passivation [171].

2.3.4 Low-Thermal Budget Processing

For some solar cell concepts the thermal budget is restricted (Sect. 2.1.2). For
example, concepts involving a-Si:H require process temperatures below 200 °C.
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ALD-grown Al2O3 is a potential candidate for low-thermal budget passivation, as
an excellent level of passivation is already achieved at low deposition temperatures
(Sect. 2.2.3.1). However, films grown at low temperatures still require a thermal
activation at about 400 °C. Considering hydrogenation of interface defects as a
thermally activated process with associated activation energies (2.7) and (2.8), it
appears difficult to by-pass this process at low temperatures. Lower temperatures
might be compensated by longer annealing periods; however, long term annealing
potentially also harms the temperature sensitive substrate.

The thermal budget of the annealing process could be reduced by optimized
process parameters. Vandana et al. investigated reduced process times during
annealing in N2 atmosphere at 400 °C. The authors found carrier lifetimes above
1 ms already after 100 s of annealing. The passivation level increased with thickness
and the best values were found for 100 nm thick Al2O3 layers [172]. Seguini et al.
investigated Al2O3 annealing at 200 °C and found carrier lifetimes up to 1 ms when
using layers, which were deposited at ALD process temperatures below 150 °C
[173]. Due to enhanced incorporation of hydrogen during layer growth, low depo-
sition temperatures increase the reaction rate during the hydrogenation process
(Sect. 2.2.3.1). Therefore, the combination of low deposition and low annealing
temperatures appears very promising [106, 107, 173]. However, the reduction of the
thermal budget often results in a lower level of passivation. Electrical characteri-
zation reveals a reduced field-effect passivation and partly lower chemical passi-
vation [172, 173] indicating that the passivation process is not fully completed.

Another approach to reduce the thermal budget is flash light annealing (FLA).
This technique is known from various applications in microelectronics, e.g. doping
activation [174], thermal treatment of high-k dielectrics [175] or flash-enhanced
deposition techniques [176]. FLA employs a short light flash, typically in the
millisecond range, to induce a short-term heating process [177]. During the flash,
the uppermost region of the substrate is rapidly heated to high temperatures while
the backside only experiences moderate heating [178]. Furthermore, the substrate
acts as heat sink resulting in rapid cooling after the flash. A schematic drawing of
the flash light setup and the surface temperature as a function of time are shown in
Fig. 2.12.

Simon et al. applied the FLA technique to Al2O3 passivation layers [106].
Figure 2.13 shows the carrier lifetime as a function of flash iteration, annealing
atmosphere and deposition process. The best result is achieved for Al2O3 grown by
thermal ALD after FLA in H2 atmosphere at 200 °C (Fig. 2.13a). In the as-grown
state, the carrier lifetime is poor (3 µs) but it quickly increases to 455 µs after a
single FLA cycle and reaches 5 ms after 100 cycles, which is comparable to values
reached after reference annealing at 350 °C. FLA of samples grown by plasma
enhanced ALD also results in a significant increase of carrier lifetime; however, the
values hardly exceed 1 ms and clearly remain below the result of the standard
anneal (Fig. 2.13b). Processing in Ar instead of H2 atmosphere also results in lower
carrier lifetimes.
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The different results after FLA are related to the effectiveness of interface
hydrogenation at low process temperatures. In Al2O3 grown by thermal ALD, a
high hydrogen incorporation facilitates the hydrogenation of the interface [105].
Contrary, plasma ALD-grown Al2O3 suffers from a higher interface state density in
the as-grown state due to increased surface damage by exposure to oxygen radicals.
Therefore, the thermal process provides a more suitable microstructure with a
higher reaction rate for the hydrogenation process. Additionally to the influence of
the microstructure, the surface passivation process is supported by H2 atmosphere
and enhanced temperature (200 °C). When further increasing the annealing tem-
perature, the microstructure influence reduces due to the higher thermal budget
involved. After reference annealing at 350 °C, samples grown by plasma and
thermal ALD reach comparable carrier lifetimes of about 5 ms.

Flash light annealing is surface selective. When applying single-side FLA
(Fig. 2.13, star symbols), the carrier lifetimes remain on a low level as single-side
passivation could not improve the carrier lifetime by more than the factor of two,

Fig. 2.13 Carrier lifetime as a function of FLA cycle numbers. The Al2O3 layers are deposited by
thermal (a) and plasma enhanced (b) ALD. Reference samples with single-side FLA are plotted as
star symbols. Reprinted with permission from Phys. Status Solidi RRL 9, 631–635. Copyright
2015, John Wiley and Sons [106]

Fig. 2.12 Schematic drawing of a FLA setup (a) and surface temperature (Tsurface) versus process
time (b). The flash light induces a short-term temperature peak at the surface. After the flash, the
surface rapidly cools down to the substrate temperature (T0)
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when lifetime is limited by surface recombination [46]. The small increase of carrier
lifetime corresponds to the pure effect of process ambient, i.e. substrate temperature
and process atmosphere. To activate the passivation layers on both wafer sides,
FLA has to be applied on the front and rear side of the substrate. This surface
selectivity of FLA provides high thermal activation on one wafer side, whereas the
temperature budget remains low at other side. Therefore, FLA opens the possibility
to combine dielectric surface passivation with low-thermal budget solar cell
concepts.

2.4 Dielectric Multi-oxide Nanolaminates

The introduction of multi-oxide nanolaminates opens the possibility to tailor
material properties and functionalities for novel passivation layers. Multi-oxide
nanolaminates are used to realize symmetrical (Sect. 2.4.1) and conductive
(Sect. 2.4.2) passivation layers. These nanolaminates are grown by ALD, due to the
accurate thickness control and the possibility to combine many different materials in
one process step.

2.4.1 Zero-Fixed-Charge Passivation Layers

Dielectric multi-oxide nanolaminates make it possible to control the fixed charges
and even reduce their density to zero. Zero-fixed-charge nanolaminates are realized
in Al2O3 passivation layers with a very thin interface layer of SiO2 [55, 127],
Al-doped SiO2 (Al:SiO2) [73] or HfO2 [153] on moderately doped silicon.
Additionally, the concept was demonstrated with SiO2/Al2O3 stacks on p+ and n+-
doped Si substrates [27]. Figure 2.14 displays the density of fixed charges in these
stacks as a function of interface layer thickness, which is plotted as ALD cycle
number. At zero ALD cycle, i.e. in pure Al2O3, a high density of negative fixed
charges (3–4 � 1012 cm−2) is found. By increasing the ALD cycle number, the
negative fixed charges gradually disappear. The required interface layer thickness for
charge annihilation is about 10 cycles for SiO2 and 5 cycles for HfO2. Considering a
steady state growth rate of about 1.2 Å/cycle for both materials, the interface layer
thickness corresponds to a few monolayers only. The Al:SiO2 interface layer was
introduced because of the lower passivation level of ALD-grown SiO2 compared to
the level reached with Al2O3 [73, 79]. The doping was realized by 1:1 ALD
super-cycles of SiO2 and Al2O3. Zero fixed charge density is achieved after about
five super-cycles (steady state growth rate: *2.5 Å/super-cycle).

When the interface layer thickness is further increased, the properties of this
layer determine the charge formation. For HfO2, the density remains zero as HfO2 is
almost free of charges under the applied ALD process settings [151, 153]. For SiO2,
the charge polarity turns from negative to positive above 10 ALD cycles and the
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density increases to 1–2 � 1012 cm−2 for thick SiO2 layers [109, 179]. The sub-
strate doping has no influence on the fixed charge formation, i.e. the same charge
density is formed on p- and n-type Si.

The influence of fixed charge density on the carrier lifetime is different on p- and
n-type Si substrates (Fig. 2.15). Both types of substrates are passivated with a
nanolaminate comprising 20 nm Al2O3 and an HfO2 interface layer with different
ALD cycle numbers. On p-type Si, the carrier lifetime reaches values up to 8.0 ms
and the values are almost independent on the interface layer thickness in the low

Fig. 2.14 Fixed charge density as a function of the interface layer material and thickness plotted
as ALD (super-)cycle number. The charge density decreases with increasing interface thickness.
The lines are guides to the eye. The nanolaminate layout is shown at the right side. Reprinted with
permission from IEEE 42th Photovoltaic Specialists Conference (PVSC), 1–6. Copyright 2015,
IEEE [73]

Fig. 2.15 QSSPC measurements of carrier lifetime as a function of the injection level for HfO2/
Al2O3 nanolaminates on p-type (a) and n-type (b) Si. The thickness of the HfO2 interface layer
was varied. Dotted lines are calculated using (2.4) and (2.6). Reprinted from Sol. Energy Mater.
Sol. Cells 131, 72–76, Copyright (2014), with permission from Elsevier [153]
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thickness regime (Fig. 2.15a). Only at 10 cycles of HfO2, the carrier lifetime
slightly decreases (5.5 ms). The measured carrier lifetimes are also independent of
the injection level for Dn < 1 � 1015 cm−3.

On n-type Si, the observation is different because the negative charges in Al2O3

invoke a surface inversion layer resulting in near surface recombination
(Sect. 2.2.2). For low injection levels (Dn < 5 � 1013 cm−3), the carrier lifetime
strongly decreases (Fig. 2.15b). However, this degradation could be inhibited by
introducing the HfO2 interface. At an injection level of 5 � 1012 cm−3, the carrier
lifetime increases from 6.0 ms for pure Al2O3 to 9.5 ms and 15.0 ms for Al2O3

with two and three ALD cycles of HfO2 interface layer, respectively.
Additional ALD cycles do not result in higher carrier lifetimes and the effect
saturated. At high injection level (Dn = 1 � 1014 cm−3), all samples show com-
parable values of about 10.0 ms, independent of their HfO2 interface layer
thickness.

The reduction of fixed charges results in symmetrical passivation as the near
surface recombination is suppressed in p- and n-type Si substrates. However,
because of the absence of field-effect passivation the chemical passivation becomes
more critical. Symmetrical passivation layers only rely on chemical passivation, i.e.
a very low density of interface defects. The results of this section show that this
high level of chemical passivation could be realized with multi-oxide
nanolaminates.

An “inert” spacer model was proposed for interpretation of the fixed charge
modification in Al2O3 [109]. Fixed charges in Al2O3 are linked to structural defects
and the stoichiometry deviation in the initial growth regime of Al2O3

(Sect. 2.2.3.3). An additional interface layer interferes with this initial growth
process as it interrupts the contact to the crystalline silicon substrate. The domi-
nation of tetrahedral coordination of Al in AlO�

4=2 units requires a physical contact
to the tetrahedrally oriented Si/SiOx interface [114, 115]. This contact is interrupted
by an interface layer. In HfO2, the Hf-atom is 8-fold coordinated [180] and this
different structure efficiently suppresses the growth of tetrahedrally coordinated Al
in Al2O3. The SiO2 spacer is less effective than the HfO2 layer in a sense that the
required layer thickness for charge annihilation is twice as large. ALD-grown SiO2

does not suppress the tetrahedral coordination of the SiOx/Si interface as efficiently
due to its similar chemical structure.

2.4.2 Carrier Selective Contacts

2.4.2.1 Concepts of Carrier Selective Contacts

In general, carrier selective contacts consist of a medium with different conduc-
tivities for majority and minority carriers [28]. The medium is transparent to
majority carriers, which are passed through to the electrical contact. However,
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minority carrier transport is blocked and no recombination occurs within this
medium or at its surfaces. Such carrier selective contacts have been realized in

• a-Si:H/c-Si heterocontacts (Fig. 2.16a), which are applied in silicon hetero-
junction solar cells [22]. In this concept, the carrier selectivity is implied by the
band offsets between a-Si:H and c-Si. The majority carrier transport through the
heterocontact is constituted by thermionic emission or tunneling in the presence
of band bending. Owing to the excellent carrier selectivity, this concept reaches
highest open circuit voltages up to 750 mV and efficiencies up to 24.7 % for
both-side contacted solar cells [18].

• tunneling contacts (Fig. 2.16b), which comprise a high band gap tunneling
oxide and a transport matrix. SiO2 [181–183] and Al2O3 [184, 185] are common
tunneling oxide materials due to their high band gap and low defect density at
the interface to silicon. For the transport matrix, microcrystalline or amorphous
silicon are used. Alternatively, transparent conductive oxides are investigated
such as ITO or ZnO for contacts on n-type Si [184, 186] and WOx or MoOx for
contacts on p-type Si [186]. The electrical conductivity is optimized by tailoring
the tunneling probability, which is mainly determined by oxide thickness and
transport matrix parameters including work function and band gap energy [187,
188]. Though the development of tunneling contacts gained momentum only a
few years ago, several groups already integrated this concept into solar cells and
demonstrated very high efficiencies [185, 189] of up to 24.4 % [190].

Carrier selective contacts can also be realized with dielectric multi-oxide
nanolaminates (Fig. 2.16c). Promising candidates are Al2O3–TiO2 nanolaminates,
which combine the excellent surface passivation properties of Al2O3 with the higher
conductivity of TiO2 [73, 87]. Al2O3–TiO2 passivation laminates are shown to
feature superior properties compared to pure Al2O3 layers in terms of surface
recombination [151] and optical properties [191, 192]. These nanolaminates have

Fig. 2.16 Different concepts for carrier selective contacts on n-type silicon. The carrier selectivity is
achieved by the band offsets at the a-Si:H/c-Si heterocontact (a), the tunneling probability at the
tunneling contact (b) and the specific electrical transport properties at the dielectric nanolaminate (c)
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also been intensively investigated for the application as gate dielectrics in micro-
electronic devices. The incorporation of TiO2 is found to increase the k-value of the
gate stack; however, it also strongly enhances the leakage current, which degrades
the device performance. Both parameters can be controlled by the stacking
sequence and sublayer thicknesses in the Al2O3–TiO2 nanolaminates [193, 194].
For carrier selective contacts, the Al2O3–TiO2 stack layout is optimized for high
conductivity and high level of surface passivation. The main advantage of dielectric
Al2O3–TiO2 nanolaminates over other concepts is the strong synergy with today’s
PERC technology:

• Dielectric layers act as very effective optical reflectors at the rear side of the
solar cell due to their relatively low refractive index of below 2 (Sect. 2.5.1).
Carrier selective contacts with Si-based transport matrices often feature atten-
uated rear side reflection and require additional measures for light management
to achieve the same level of absorption than realized in PERC solar cells.

• Dielectric materials provide a reasonable level of temperature stability, which is
required during the fast firing step in the PERC process sequence. Carrier
selective contact concepts partly have a restricted thermal budget, especially
when a-Si:H is used as transport matrix. An integration of these concepts into
the PERC solar cell would require a thermal budget reduction with major
consequences, especially for the metallization strategy.

• Dielectric nanolaminates can be deposited by ALD and in principle also by
PECVD. As the required equipment is already implemented in today’s PERC
manufacturing, the conversion from a point contact to a full area carrier selective
contact scheme could be realized with low equipment invest.

2.4.2.2 Al2O3–TiO2 Carrier Selective Contacts

The electrical properties of Al2O3–TiO2 nanolaminates are essentially determined
by the stack layout. Figure 2.17 shows the results of double and multilayer stacks
on p-type Si substrates. Both stacks comprise an Al2O3 interface layer due to its
better surface passivation. TiO2 serves as a capping layer in the double layer stack.
Al2O3–TiO2 multilayers consist of alternating Al2O3 and TiO2 sublayers of equal
thickness and an adjusted number of iterations in order to maintain a total nominal
thickness of 20 nm. The measured carrier lifetime as a function of the Al2O3

interface layer thickness x shows that pure TiO2 passivation (x = 0 nm) results in
poor carrier lifetime (seff < 100 µs). This result is not surprising as the passivation
level of TiO2 is known to be inferior to the one of Al2O3 [122, 154, 155]. When
increasing the interface layer thickness, the carrier lifetime continuously improves.
The highest value of 5 ms is measured with pure Al2O3 (x = 20 nm) passivation.
This correlation is observed for double and multilayer stacks, i.e. the passivation
performance is independent of the stack above the first TiO2 (sub)layer. Essentially,
the lifetime is determined by the distance of the first TiO2 layer to the silicon
surface [151].
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Figure 2.17 also shows the measured current densities J at 10 mV. This voltage
drop is chosen as an acceptable voltage loss at the contact. The electrical data are
plotted as current densities rather than contact resistance because of the non-ohmic
behavior of a part of the investigated stacks. The conductivity of pure Al2O3 is very
low and the current density is below the measurement limit (10−8 mA/cm2). In pure
TiO2, the current density is at least eight orders of magnitude higher. The influence
of the Al2O3 interface layer thickness is different for both stack types. For multi-
layer stacks, the current density drastically drops with increasing thickness. In the
double layer stack, the reduction is comparatively low. A 5 nm Al2O3 interface
layer still results in a current density of about 0.5 mA/cm2. This value is about four
orders of magnitude higher than the current density of a multilayer stack with the
same sublayer thickness.

In double layers, the current density is almost independent of the Al2O3 interface
layer thickness, suggesting the electrical transport is not constituted by electron
tunneling. The electrical properties of the nanolaminates are suggested to be deter-
mined by a TiO2 phase transformation from amorphous to anatase and an interaction
of TiO2 andAl2O3. The phase transformation occurs when a critical layer thickness of
about 10 nm is exceeded in ALD-grown TiO2 layers [195, 196]. As the different
conductivities of both stack types correlate with the appearance of anatase TiO2 [87],
the crystallization of the TiO2 capping layer is suggested to weaken the insulating
properties of Al2O3 resulting in good conductivity even through 5 nm thick layers.
Potential transport processes through the Al2O3 interface layer are hopping through
impurities levels (as shown in Fig. 2.16c) or pin-hole transport [197].

The Al2O3–TiO2 double layer with x = 5 nm features the best balance of elec-
trical transport and surface passivation with 0.5 mA/cm2 current density (at 10 mV)
and 15 cm/s surface recombination velocity. Compared to the requirements of a
highly efficient solar cell [7], this nanolaminate features sufficient passivation
performance. However, the current density is still about two orders of magnitude

Fig. 2.17 Current density (at 10 mV) and carrier lifetime of different double layers (open dots)
and multilayers (solid dots) as a function of the Al2O3 interface thickness x. Substrate material is p-
type Si. The nanolaminate layout is shown at the right side. Reprinted with permission from IEEE
42th Photovoltaic Specialists Conference (PVSC), 1–6, Copyright 2015, IEEE [73]
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below target (40 mA/cm2), although the Al2O3–TiO2 nanolaminates strongly
enhanced the conductivity compared to standard Al2O3 passivation layers. In
conclusion, the electrical properties of Al2O3–TiO2 nanolaminates can be controlled
by stack layout and sublayer thicknesses within a wide range. With further
improvements of conductivity, dielectric Al2O3–TiO2 nanolaminates could provide
powerful solutions for future carrier selective contacts.

2.5 Dielectric Materials and Light Management

Dielectric passivation layers are also part of the solar cell light management.
Therefore, the optical properties of these layers have to be optimized. In the
state-of-the-art PERC solar cell, dielectric nanomaterials control the surface
reflections at the front and rear side (Fig. 2.18a). Additionally, dielectric materials
are applied in novel light trapping and spectral conversion concepts.

2.5.1 Dielectric Layers for Surface Reflection Control

A planar Si surface appears like a mirror plane. Owing to the relatively high
refractive index of Si (nSi = 3.8 at 633 nm), the surface reflection of polished
silicon is about 34 % making reflection control and the application of anti-reflection
coating (ARC) essential.

Fig. 2.18 Optical reflections at the front and rear surfaces of a PERC solar cell (a) and simulation
of the internal reflection (k: 1100 nm, angle of incident: 0°) as a function of thickness and material
of the rear side dielectric layer (b). Optical parameters used for simulation are stated in the plot
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For a single-layer, non-absorbing ARC, the reflection at perpendicular angle of
incident becomes zero when the ARC thickness is optimized and the refractive
indices of the materials are matched [198]:

dARC ¼ k
4nARC

and nARC ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nSinambient

p ð2:10Þ

with dARC the ARC thickness and n the refractive indices of the materials. A system
optimized for the peak intensity of sun light (633 nm) requires an ARC with
refractive index of nARC = 1.95 when the ambient is air (nambient = 1, nSi = 3.8).
The resulting ARC thickness is 80 nm. In solar cell manufacturing, minimum
reflection losses are targeted within the module stack, where the ambient is defined
by the packaging material consisting of lamination foil (e.g. EVA) and glass cover
with a refractive index of about 1.5. Considering the packing material in (2.10), the
optimum refractive index of the ARC shifts to a higher value. Consequently, the
ARC material properties have to be optimized for either encapsulated or
non-encapsulated solar cells. The calculation of optical reflection becomes more
complex when considering the full relevant wavelength range, different angles of
incident, the spectral response of the solar cell and the absorption coefficient of the
ARC layer. A thorough optimization of the antireflection strategy usually employs
numerical simulation [136, 199, 200].

The standard front side ARC material is SiNx:H and its main advantage is the
possibility to continuously tune the refractive index within a wide range. In the
PECVD process, the stoichiometry of the film is controlled by the process gas ratio,
which allows to continuously increase the refractive index from 1.9 (a-Si3N4:H) to
3.3 (a-Si:H) [201]. The optimum SiNx:H ARC layers are thus Si-rich with [Si]/
[N] > 3/4. The tunability by a gradual replacement of reactant gases can also be
used to create graded index ARC layers with minimized surface reflection [202].

At the rear side of the solar cell, high internal reflection is targeted for the near
band gap spectral range (1000–1100 nm), which is weakly absorbed in Si. As
band-to-band absorption increases with photon energy, the shorter wavelength part
of the spectrum is mainly absorbed within the Si wafer and hardly reaches the rear
side of the wafer. Figure 2.18b shows the effect of a rear side dielectric layer on the
internal reflection at a wavelength of 1100 nm. The reflection is about 88 %, when
the Si rear side is terminated by an Al electrode, which is the contact scheme in a
back surface field (BSF) solar cell. This relatively low reflection seems surprising
since metals are known to be highly reflective in the IR spectral range. However, at
the Si–Al interface the high refractive index of Si leads to considerably suppressed
reflection compared to the reflection at the air-Al interface [8]. When Si and Al are
separated by a low refractive index dielectric layer, the optical contrast of the
interfaces is enhanced and the internal reflection significantly increases. The sim-
ulated internal reflection is a function of the stack parameters with highest values
above 97 %, which are reached for dielectric materials with low refractive index
and a matched layer thickness in the range of 100 and 200 nm.
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Based on these simple optical simulations, the optimum dielectric layer thickness
is larger at the rear side of the solar cell. Therefore, the SiNx:H capping layer is not
only required to improve the temperature stability of the rear side passivation layer
but also to enhance the internal reflection. Beside of the reduction of surface
recombination, the improved rear side light management is one of the main
advantages of the PERC solar cell concept [8, 9]. This improvement can be mea-
sured as reduced reflection at the solar cell surface in the wavelength range between
1000 and 1200 nm [203, 204]. Reduced reflection consequently leads to higher
quantum efficiencies of the PERC solar cells compared to cells with direct Si–Al
contact (BSF solar cells) [9, 205].

2.5.2 Concepts for Light Trapping

Reflection control alone has only limited potential for absorption enhancement,
especially when substrates become thinner and when high quantum efficiencies are
targeted for the near band gap spectrum. Figure 2.19a shows a planar wafer with an
incident light ray at perpendicular angle of incident. Considering a perfect reflection
control on both surfaces, the light path through the system is twice the substrate
thickness. After passing the substrate, the non-absorbed photons escape through the
front surface. Therefore, light scattering features are introduced to enhance the light
path and to trap the light within the absorber layer.

The effect of light scattering can be theoretically described by ideal Lambertian
surfaces, which create a diffuse light spectrum with a statistical phase-space
intensity distribution. When sunlight passes a Lambertian scatterer, the light path is
enhanced and the light is then totally reflected within the surfaces until it escapes.
As a consequence, the internal light intensity manifold exceeds the intensity of
incident light in the sustrate. Based on statistical ray optics, Yablonovitch calcu-
lated this intensity enhancement factor as 2n2 with n the refractive index of the
substrate under the assumption that the rear side is perfectly reflecting [206]. The
resulting optical absorption enhancement is 4n2. A Lambertian scattering surface
could thus enhance the absorption up to a factor of 50 in Si.

In crystalline silicon based solar cells, the surface is structured with randomized
pyramids in a typical length scale of 10 µm (Fig. 2.19b) [207]. The texturing

Fig. 2.19 Light path enhancement strategies in solar cells employing planar surfaces (a) a
textured front surface (b) and an additional periodic structures at the rear surface (c)
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process is based on anisotropic (i.e. orientation dependent) wet etching with an
alkali (KOH or NaOH) etch solution. Alkaline etchants remove the (100) plane of
Si much faster than the (111) plane and the result is a 3D pyramidal structure [208].
For crystalline wafers it was shown that randomized pyramids with optimized
geometry get close to the 4n2 absorption limit of Yablonovitch [207, 209]. For
multi-crystalline wafers with random crystal orientations this technique is much less
effective since only grains with close to (100) orientation are well textured while
grains with (111) orientation still remain highly reflective. Multi-crystalline wafers
are usually textured with acid solutions resulting in a rough scattering surface. The
resulting absorption enhancement is below the enhancement achieved on textured
Si surfaces [210, 211].

Further enhancement of light trapping is possible with advanced photonic fea-
tures, which exploit the wave nature of the light (Fig. 2.19c) [212, 213]. For
periodic patterns the reflection is described by the diffraction equation [198]:

sin hmð Þ � sin hið Þ ¼ mk
nP

ð2:11Þ

with the wavelength k, the order m, the grating period P, the refractive index n and
the angles of incident Hi and diffraction Hm defined w.r.t. the surface nominal.
Periodic gratings provide very powerful absorption enhancement when the dif-
fracted light intensity is concentrated at high angles and the light transverse a long
path through the solar cell before it escapes through a surface. Using (2.11), high
first order (m = ±1) diffraction angles are reached when k 	 nP. Thus, light
absorption enhancement of the near band gap spectrum requires scattering features
on micrometer scale. Periodic structures could significantly increase light trapping
even beyond the limit of Lambertian light scattering [214–216].

Several techniques are applied to fabricate photonic nanostructures including
nanoimprint [217, 218], laser interference [213], e-beam [219] and holographic
[220] lithography. As an example, one concept generating the periodic optical
contrast with dielectric materials is shown in Fig. 2.20. Eisenlohr et al. deposited a
hexagonally ordered monodisperse SiO2 sphere grating by spin coating on the rear
side of a solar cell (Fig. 2.20a). These low refractive index spheres were embedded
in a high refractive index matrix of polycrystalline Si deposited by APCVD [221,
222]. These spheres significantly improved the light absorption in the IR region
(Fig. 2.20b) resulting in a higher short circuit current. Planar solar cells with back
side scattering spheres reach an efficiency of 22.1 %.

2.5.3 Spectral Conversion of Light

In a single junction solar cell the sub-band gap light spectrum is not utilized. With
photon up-conversion low-energy photons are converted into ‘useful’ photons
(hv > Eg) having sufficient energy to be absorbed in Si. The up-conversion process
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is possible in trivalent lanthanide ions with metastable and long-lived intermediate
levels. These ladder-like levels act as intermediate levels for the sequential exci-
tation. The principal transitions in common lanthanide are summarized in [223].
Suitable ions with energy levels in the Si sub-band gap energy range are Er3+, Tm3+

and Ho3+, whereas the Er3+ ion is the most investigated material in combination
with Si [29, 224, 225]. The energy levels of Er3+ are depicted in Fig. 2.21. Er3+ has
a rather narrow absorption band at 1.56 µm (0.8 eV), which is capable of absorbing
sub-band gap photons for up-conversion. To broaden the utilized spectral range,
Lahoz et al. combined Er3+ and Ho3+ up-conversion layers. Ho3+ ions have an
absorption band at 1.17 µm (1.06 eV), where the solar irradiation intensity is about
twice as high as the intensity at the absorption band of Er3+ [226].

These lanthanide-based conversion ions are hosted in a matrix, which requires a
low lattice mismatch to the dopant ions and low phonon energies. The low phonon
energy suppresses non-radiative transitions between closely spaced energy levels
due to multiphonon relaxation. The most commonly used matrix material for Er3+ is
b-NaYF4, however, several other materials such as b-BaY2F8 or fluoride glasses are
investigated as well [29, 223].

Several mechanisms of up-conversion have been identified. The simplest
up-conversion mechanism involves sequential photon absorption from the ground

Fig. 2.20 SEM picture of a
dielectric rear side grating
consisting of SiO2 spheres
after spin coating (a) and
absorption spectra measured
with and without sphere
grating on 100 and 250 µm
thick wafers. The improved
light trapping significantly
increases the light absorption
in the IR region. Reprinted
with permission from Optics
Express 22, A111–A119,
Copyright 2014, Optical
Society of America [222]
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state to elevated excited states. This excited state absorption (ESA) process transfers a
single ion to a higher energy level as illustrated in Fig. 2.21a. In the energy transfer
up-conversion (ETU) two neighboring ions are involved. After both ions are excited
into a meta-stable state, the ions then non-radiatively exchange energy. The activator
ion is excited to a higher energy level and the sensitizer ion relaxes to the ground state
(Fig. 2.21b). At high excitation powers also the photon avalanche mechanism results
in up-conversion [223, 224]. After a two-step or multiple-step absorption process, the
excited ion can emit one photon exceeding the Si band gap energy. This photon
generates electron-hole pairs in the solar cell and thus increases the spectral response
at an energy level corresponding to the absorption band of the converter material.

Up-conversion is a non-linear process. When the process involves two or more
photons for up-converted emission, theory predicts that the occupation of the
uppermost excited state correlates to Pn, where P is the power density and n the
number of photons involved. This non-linearity results in an external quantum
efficiency (EQE) proportional to P(n−1), i.e. the EQE values linearly increases with
illumination intensity for a two-photon absorption process. In experiments the
exponent n was found to be close to the theoretical value of two at low irradiance. At
higher power densities the exponent decreases as other processes, like non-radiative
recombination, occur [225, 227, 228]. As a consequence of the power dependency of
up-conversion, reasonable up-conversion efficiencies are only reached for high
illumination intensities, which are typically only reached in concentrated sun light.

Up-conversion layers can be easily integrated in bifacial solar cells with a
transparent rear side [228, 230]. The up-conversion layer is attached at the rear side
of the solar cell and covered by an additional back reflector to reflect the anisotropic
light emission back into the Si substrate. In principle, the up-conversion layer could

Fig. 2.21 Principal up-conversion mechanisms in Er3+ ions. The excited state absorption
(a) involves a single ion. The energy transfer up-conversion (b) is based on the non-radiative
energy exchange between two neighboring ions. Absorption/emission and energy transfer are
indicated by solid and dotted lines, respectively. The sequential absorption steps are denoted by
numbers. Energy levels are taken from [225, 229]
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also be integrated at the front side. However, this configuration is less attractive due
to parasitic absorption of photons exceeding the band gap energy and due to the fact
that half of the up-converted anisotropic emission is directed away from the solar
cell. Figure 2.22a depicts a bifacial solar cell with an Er-doped NaYF4
up-conversion layer. This conversion stack reaches an enhanced quantum efficiency
yield of up to 3.4 % at the absorption band of Er3+ under an illumination of 1000
suns (Fig. 2.22b) [227]. In this early work, up-conversion hardly enhanced solar
cell efficiency at lower illumination intensities. More recent studies demonstrate
photocurrent gains of 0.55 % at 94 suns [230] and 3.89 mA/cm2 at 50 suns, which
corresponds to about 0.2 % enhancement [231]. These photocurrent gains prove a
significant progress during the last years; however, the low conversion efficiency is
still an obstacle for commercialization of up-converter solar cells.

Fig. 2.22 Solar cell
comprising a NaYF4:Er

3+

up-conversion layer (a) and
measured spectral quantum
efficiency (b). The
up-conversion process results
in an increased
photo-response centered at
1540 nm. Reprinted with
permission from IEEE
Transactions on Electron
Devices 54, 2679–2684,
Copyright (2007), IEEE [227]

80 I. Dirnstorfer and T. Mikolajick



In most concepts, the up-conversion layer is attached to a functional solar cell.
Alternatively, up-conversion layers could also be used for surface passivation and
integrated into the solar cell concept, provided that the electrical quality of the host
matrix is sufficient. Lanthanide oxides used for up-conversion can be deposited by
ALD within a temperature range of 200–400 °C [232], which coincides with the
temperature window of common passivation materials (Table 2.2). Dingemans
et al. realized Er-doped Al2O3 layers and found up-conversion under 1480 nm
wavelength illumination [233]. Al2O3 is found to be a suitable host matrix for Er3+

on condition that a post-deposition annealing above 900 °C is applied. During
annealing, OH residuals are removed, which cause quenching of the Er3+ lumi-
nescence [234]. However, the high thermal budget required for optical activation of
the Er3+ ions also degrades the passivation quality of Al2O3. Solar cells based on
passivating conversion layers (Fig. 2.1f) have not been experimentally realized yet.

Down-conversion transfers a high energy photon (>2Eg) into two photons of
lower energy [29, 235, 236]. Down-conversion layers have to be integrated at the
front side of the solar cell, where high energy photons are not already absorbed
within the Si substrate. This is a fundamental restriction for down-conversion, since
down-converted photons are isotropically emitted and partly directed away from the
solar cell. This escape loss strongly reduces the conversion efficiency. Therefore,
research activity mainly focuses on up-conversion, though the theoretical potential
of up- and down-conversion is similar.

2.6 Conclusions and Outlook

Dielectric nanomaterials are an essential element in today’s silicon PERC solar
cells. SiO2, SiNx:H and Al2O3 nanolayers were introduced due to their excellent
properties for surface passivation and light management. The excellent surface
passivation is achieved by chemical and field-effect passivation. The chemical
passivation reduces the density of silicon surface states, which could act as
recombination centers for photo-generated charge carriers. The field-effect passi-
vation results from a high density of intrinsic fixed charges, which are located at
structural defect sites at the interface of the dielectric to silicon. These fixed charges
produce an electric field, which causes a strong asymmetry of the electron and hole
concentrations at the surface and thus reduces charge carrier recombination.

The front side SiNx:H passivation layer also serves as optical ARC. As the
refractive index of PECVD-grown SiNx:H can be continuously tuned within a wide
range, the optical properties of the material can be optimized for lowest reflection
losses at the front surface. Additionally, the dielectric passivation stack enhances
the internal light reflection at the rear side of the PERC solar cell resulting in a
significant improvement of the quantum efficiency in the IR spectral range.

However, novel solar cell concepts with higher efficiencies and lower production
costs emerge and these concepts require further development of materials and pro-
cesses. Flash light annealing appears as a promising solution to reduce the temperature
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of the passivation process below 200 °C. A low-thermal budget process enables the
combination of dielectric materials with low-temperature concepts, such as a-Si:H/c-Si
heterojunction solar cells. Novel functionalities can be realized in multi-oxide
nanolaminates employing materials, such as HfO2 and TiO2, which are not common in
solar cell manufacturing today. Al2O3 nanolaminates with SiO2 or HfO2 interface
layers provide symmetrical passivation with similar performance on both n- and p-
type Si substrates. Al2O3–TiO2 nanolaminates enhance the electrical conductivity of
the passivation layer by several orders of magnitude without significantly deteriorating
the passivation performance. These nanolaminates are very promising candidates for
future carrier selective contact materials due to the strong synergy with today’s PERC
technology. Dielectric materials could also support future light management concepts
as photonic scattering material or as host material for up-conversion layers.

Dielectric nanomaterials have been extensively studied for the application as
high-k materials in microelectronic devices and this resulted in a profound under-
standing of material properties and mature deposition and characterization methods.
This great knowledge base and the strong synergy between photovoltaics and
microelectronics facilitated the integration of dielectric nanomaterials into Si solar
cells in the past. However, this synergy is by far not exploited yet. Target of future
R&D effort should be to further exploit this synergy and to realize novel func-
tionalities for the next generation of highly efficient solar cells.
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