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Abstract

Atomic layer deposition (ALD) is a vapour-phase deposition technique capable of depositing
high quality, uniform and conformal thin films at relatively low temperatures. These
outstanding properties can be employed to face processing challenges for various types of
next-generation solar cells; hence, ALD for photovoltaics (PV) has attracted great interest in
academic and industrial research in recent years. In this review, the recent progress of ALD
layers applied to various solar cell concepts and their future prospects are discussed.
Crystalline silicon (c-Si), copper indium gallium selenide (CIGS) and dye-sensitized solar
cells (DSSCs) benefit from the application of ALD surface passivation layers, buffer layers
and barrier layers, respectively. ALD films are also excellent moisture permeation barriers that
have been successfully used to encapsulate flexible CIGS and organic photovoltaic (OPV)
cells. Furthermore, some emerging applications of the ALD method in solar cell research are
reviewed. The potential of ALD for solar cells manufacturing is discussed, and the current
status of high-throughput ALD equipment development is presented. ALD is on the verge of
being introduced in the PV industry and it is expected that it will be part of the standard solar

cell manufacturing equipment in the near future.

(Some figures may appear in colour only in the online journal)

1. Introduction

Interface engineering is of vital interest for solar cell
manufacturing as the properties of interfaces between different
materials play a decisive role in the performance of
photovoltaic (PV) devices. Atomic layer deposition (ALD)
is a vapour-phase deposition technique that can be used to
tailor interface properties by depositing high-quality thin films
with precise growth control, very good uniformity over large
areas and excellent step coverage on non-planar surfaces
[1-3]. These unique features make ALD very attractive for
many solar cell designs that require (ultra)thin layers.

The virtue of the ALD method is that the deposition is
controlled at the atomic level by self-limiting half-reactions.
During the so-called ALD cycle, the substrate is sequentially
exposed to different gas-phase precursors and reactants
resulting typically in film growth of one sub-monolayer per

0268-1242/12/074002+13$33.00

cycle. To guarantee self-limiting growth dictated by the surface
chemistry, each precursor and reactant step is followed by an
inert-gas purge step to prevent chemical vapour deposition
(CVD)-like reactions to occur. Other benefits of the ALD
method are the relatively low substrate temperature used in
the process, typically 150-350 °C, the fact that ALD can
readily produce multilayer structures and nanolaminates, and
its capability to grow dense films with a low pinhole density.
The use of ALD for several PV applications has been
researched from the early 1990s to the present day. The first
application was reported by the group of Bedair and co-
workers in 1994. This ALD research, known as ‘atomic layer
epitaxy’ (ALE) at that time, was on GaAs, AlGaAs and AlAs
films used as absorbers in multijunction solar cells [4, 5].
Reports on the application of ZnSe buffer layers for CIGS solar
cells [6], and boron-doped ZnO films as transparent conductive
oxide (TCO) deposited by ALD followed shortly afterwards

© 2012 IOP Publishing Ltd  Printed in the UK & the USA
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Table 1. Overview of solar cell technologies in which ALD materials have been applied (status February 15, 2012).

Solar cell type Application Thickness (nm)  ALD materials References
AlGaAs/GaAs multijunction Absorber 30400 GaAs [4,5]
AlGaAs [4, 5]
AlAs [4]
a-Si:H Transparent conductive oxide 400 ZnO:B [7, 8]
c-Si Surface passivation layer 5-30 Al,O4 [10-31]
CIGS Buffer layer 10-70 ZnSe [6]
(Zn,Mg)O [32-38]
Zn(0,S) [32, 33, 35, 39-44]
In,S; [39, 43, 45-51]
GaS [39]
ZnS [39]
Al,O; [43]
TiO, [43]
ZnO [52-56]
Zn-Sn-0O [57, 58]
Diffusion barrier layer 100-300 Al,O4 [59]
Encapsulation layer 10-55 Al,O4 [60, 61]
CdTe Window layer/n-type layer ~100 Zn(0,S) [62]
Organic Encapsulation layer 15-200 Al,O3 [63, 64]
Al,O3 / HfO, [65, 66]
Electron selective layer 1-35 Al,O4 [67]
ZnO [68, 69]
TiO, [70, 71]
Transparent conductive oxide 150 ZnO:Al [72]
Dye-sensitized Barrier layer 0.1-25 Al,O3 [73-82]
TiO, [73, 83, 84]
HfO, [80]
710, [85]
Photoanode 5-90 TiO, [84, 86-88]
ZnO:Al [84]
SnO, [84]
ZnO [89-91]
TiO,:Ta [92]
Blocking layer 7-20 SnO, [81]
TiO, [74,77,92]
Compact layer HfO, [93]
Transparent conductive oxide 7 In,O3:Sn [87]
Sensitizer In,S; [94]
Heterojunction nanostructured  Absorber 4 Cu,S [95]
CulnS, [96-100]

# Cu,S or CulnS, are infiltrated into TiO, pores, no exact thickness is specified.

[7, 8]. Especially in the last few years, significant developments
have been made in academic research on ALD and its
application into the PV industry. This increased popularity
is manifested by the growing number of publications and the
large set of thin-film materials and applications that have been
studied for solar cells (see table 1). PV applications include
absorber films, buffer layers, interface layers, transparent
front contacts, photoanodes, encapsulation layers and surface
passivation films.

In this article, some of the most successful applications
of ALD films in PV research are reviewed and recent
developments are introduced. The intention, however, is
not to give an in-depth review of all materials researched
for PV applications (for this, see Bakke et al [9]). The

intention is to focus on results obtained with actual solar
cells with at least one layer deposited by ALD and to
address the viability of this technique for the PV industry.
An important requirement for the latter is that the ALD
process should be low cost and time efficient compared
to established technologies, and should lead to better solar
cell performances compared to commonly used approaches.
The relevance of the ALD method for crystalline silicon
(c-Si) solar cells, copper indium gallium selenide (CIGS) solar
cells, organic photovoltaic (OPV) solar cells, dye-sensitized
solar cells (DSSC) and several nanostructured solar cell
concepts (see figure 1) is presented in the following sections.
Furthermore, advances made in the commercialization of high-
throughput ALD equipment for the PV industry are discussed.
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Figure 1. Thin films deposited by ALD for various solar cell concepts: (a) surface passivation layer for c-Si solar cells; (b) encapsulation
and Cd-free buffer layer for CIGS solar cells; (¢) encapsulation of flexible OPV cells; (d) barrier layer for DSSCs.

2. Surface passivation layers for c-Si solar cells

In the c-Si solar cell industry there is a very strong focus on the
reduction of the cost per watt peak. Reducing the cell thickness
and improving its efficiency are logical strategies to achieve
this goal. For both approaches, it is of vital importance to
reduce the electronic losses at the c-Si interfaces, which can
be achieved by effective surface passivation layers. Depending
on the cell design, these passivation layers can be applied to
the front and/or back side of the Si solar cell.

In conventional c-Si solar cells, a screen-printed
aluminium metallization is applied to the rear side leading
to a back-surface-field (BSF) in the contact firing process.
This Al-BSF reduces the recombination of minority charge
carriers at the rear side. Although this process is widely
applied in the PV industry, it is not suitable for future
generation cells with thicknesses below 150 um. For such thin
wafers, the application of an Al-BSF results in unacceptable
wafer bowing and high recombination losses [101]. Therefore,
the PV industry is searching for alternatives to replace the
AI-BSF by a dielectrically passivated rear. Besides improving
the electrical quality (i.e. passivation properties), dielectric
surface passivation layers can also contribute to reduce optical
losses (i.e. increased internal reflection) at the rear of the cells.
Al,O3 is considered as one of the most promising surface
passivation materials.

In 2006 Agostinelli et al and Hoex et al showed that
Al,Os films deposited by ALD yield an excellent level
of surface passivation on both low-resistivity n- and p-
type Si [102, 103]. In subsequent research, the excellent
passivation quality of Al,O3 was attributed to a combination
of chemical passivation—i.e. reduction of the defect density
at the interface—and field-effect passivation by the presence
of a high fixed negative charge density (~10'>-~10'* cm~2)
at the Al,Os-Si interface. Al,O3 deposited by ALD from
Al(CHj3); precursor is a well-understood process whose main
benefits are the wide range of deposition temperature (150—
250 °C) and the freedom of choice of oxidant (O,-plasma, Oz or
H,0). All these process conditions result in good passivation
layers after annealing at 400 °C [104, 105]. The high level of
surface passivation, as indicated by the lifetime of the minority
carriers, is maintained for ultrathin films down to a thickness
of ~5 and ~10 nm for the O,-plasma- and H,O-based ALD
processes, respectively (see figure 2) [106].

The suitability of a passivation layer for implementation
in solar cells depends on factors such as the thermal, UV, and
long-term stability, the optical properties (e.g. refractive index
and extinction coefficient) and the processing requirements
(e.g. deposition temperature). The thermal stability is
important when the passivation layers are applied in the
conventional manufacturing process flows and in these cases
the application of additional capping layers of materials such
as SiO; or a-SiN,:H can be beneficial. The stability against
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Figure 2. Normalized lifetime of the minority carriers in c-Si at an
injection level of An = 10'5 cm™3 as a function of the thickness of
Al,O; prepared by plasma ALD (O,-plasma) and thermal ALD
(H,0). The lifetime is normalized by the highest effective lifetime
measured. (Reprinted from [106] with permission from John Wiley
& Sons, Ltd.)

1000 prrrrrrrrr e
- after firing @ 830°C

100

- 1.5 Qcm
p-type FZ-Si
anaa b e s oo b s p s a Lo o aala sl syl

0 5 10 15 20 25 30
Al,O, thickness [nm]

Surface recombination velocity S, [cm/s]

-
o

Figure 3. Effective surface recombination velocity for p-type Si
measured at an injection level of An = 10" cm~3 after firing at
830 °C as a function of the Al,O; layer thickness for (i) a single
layer Al,O; deposited by plasma ALD and (ii) a stack of Al,0; and
PECVD-a-SiN,:H (75 nm thick) (© 2010 IEEE. Reprinted, with
permission, from [20]).

high temperature (>800 °C) contact firing processes has been
investigated for ALD-Al,Oj3 passivation layers and stacks of
ALD-A1,03/PECVD-SiN, and ALD-Al,03;/PECVD-SiO; by
several authors [10, 107-110]. Figure 3 shows the effective
surface recombination velocity Se.p—a measure for the level
of surface passivation—as a function of the ALD-Al,O3 layer
thickness for different layer configurations (ALD-Al,Oj3 single
layer and ALD-Al,03/PECVD-SiN, stack). The S.s values
after the high temperature process are higher than the initial
values (not shown; usually <10 cm s~! [111]), however, the
remaining level of passivation is by far sufficient for the
implementation of these layers into industrial-type silicon
solar cells.

The first application of ALD-Al,0O3 for actual solar cells
was reported for p-type PERC (passivated emitter and rear

cell) solar cells [11]. Schmidt et al from ISFH used plasma-
enhanced ALD-AI,O; to passivate the rear surface, as a single
layer and as a stack combined with PECVD-SiO,. The best
cell efficiency in this report was 20.6% (using the stack
configuration) which was slightly higher (0.1% absolute)
than the reference cell with thermally grown SiO,. In later
works, efficiencies up to 21.4% were obtained for similar
solar cells [12, 13]. No separate annealing step was necessary
to activate the surface passivation since the thermal budget
during the solar cell manufacturing process proved to be
sufficient to obtain excellent surface passivation. Moreover,
the solar cells did not suffer from the so-called parasitic
shunting effect typically observed for p-type c-Si solar cells
passivated by dielectrics with a high positive charge density
such as a-SiN,:H. The high fixed negative charge density in the
Al,Oj3 induces an accumulation layer rather than an inversion
layer in the c-Si underneath the rear surface.

The presence of a high negative charge density makes
Al,Oj3 also an ideal candidate for the passivation of highly
doped p-type silicon. Hoex et al demonstrated experimentally
that Al,O; films yielded a lower surface recombination
velocity on highly doped p-type silicon than thermal SiO,,
as-deposited a-SiN,:H and a-Si:H films [112, 113]. This is
highly relevant for n-type Si solar cells with boron-diffused
pT-type emitters that have an enormous economical potential
but whose passivation was found to be very challenging [114].
High surface passivation performance at the device level has
also been confirmed by a large increase in energy conversion
efficiency obtained for n-type c-Si PERL (passivated emitter
with rear locally diffused) solar cells prepared by Fraunhofer
ISE. In this case, the front side B emitter (sheet resistance of
140 Q sq~!) was passivated by a stack consisting of a 30 nm
thick ALD-AIl,Oj3 film and a 40 nm thick PECVD-a-SiN,:H
film resulting in, at that time, a record efficiency of 23.2%
[14]. Other solar cell results have been reported since then
by research groups at ITRI [15], ECN [16], the University of
Konstanz [17], INES [18] and Imec [19].

Besides the presence of a high fixed negative charge
density, other benefits of depositing Al,O3 by ALD are the
absence of absorption in the visible part of the spectrum (band
gap amorphous Al,O5 is ~6.4 eV [111]), the low processing
temperature (avoiding bulk lifetime degradation of c-Si), and
the excellent uniformity on large area substrates.

3. Buffer layers for CI(G)S solar cells

Chalcopyrite  thin-film solar  cells based  on
Cu(In,Ga)Se, (CIGS) and related absorbers such as
CulnS, (CIS) and Cu(In,Ga)(S,Se), (CIGSSe) commonly
use CdS buffer layers. Such a buffer layer, typically 10—
70 nm thick, is required to ensure good interfacial properties
between the CIGS absorber and the (undoped) ZnO window
layer. The absence of a buffer layer results in a low open
circuit voltage (V) and poor efficiency, amongst others, due
to the large negative conduction band offset (CBO) at the
CIGS/ZnO interface [36].

One of the objectives in current research is to find a
substitute for CdS as there are intrinsic material limitations
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Figure 4. CIGS cell efficiency and band gap of (Zn,Mg)O buffer
layers deposited by ALD at 120 °C as a function of the MgO:ZnO
cycle ratio. The conduction band offset (CBO) and the crystal
structure is indicated in the figure (wz stands for wurtzite). Note that
the horizontal axis is not to scale. (Data from reference [36].)

and industrial processing drawbacks. The low band gap of CdS
(2.4-2.5 eV) for example, limits the solar cell performance
due to absorption losses in the short wavelength range,
resulting in a reduced short circuit current density Js.. From
the industrial processing point of view, the chemical bath
deposition (CBD) method that is used as a standard technique
to deposit CdS layers is not desirable since it is the only liquid-
phase deposition step in the CIGS solar cell manufacturing
process. Furthermore, Cd is classified as toxic, hazardous and
carcinogenic [115]. Therefore, it is preferable to use alternative
materials and methods to produce the buffer layers.
Following the initial study of Ohtake e al published in
1995 [6], ALD of a wide variety of Cd-free materials (oxides,
sulfides and selenides) for the application in CIGS solar cells
has been investigated by a considerable number of research
groups (see table 1). ALD provides excellent control over the
film composition and thereby excellent control over the band
gap and CBO. Moreover, ALD is a dry process that can be
easily integrated alongside the other vacuum deposition steps
in the production process, minimizing the exposure of the cells
to atmospheric conditions. Extensive reviews of (ALD) buffer
layers have been published by Naghavi et al and Bakke et al
[9, 116, 117]. (Zn,Mg)O, Zn(O,S) and In,S; have been
identified as the most promising Cd-free ALD materials.
ALD-prepared (Zn,Mg)O buffer layers can be deposited
by alternating ZnO and MgO ALD cycles using Zn(C,Hs), and
MgCp, precursors and H,O as the oxidant source. The self-
limiting growth characteristic of ALD allows for layer-by-
layer doping of the ZnO films by Mg, where the doping
concentration is determined by the ratio between the ZnO
and MgO cycles. As shown in figure 4, the band gap of the
(Zn,Mg)O films increases from 3.3 eV towards 3.8 eV with
increasing amount of Mg in the ZnO structure until phase
segregation occurs [36, 37]. The addition of Mg increases the
resistivity and also the conduction band of ZnO, resulting in
an improved band alignment with the CIGS absorber and thus
a better device efficiency [116, 118]. The ALD temperature
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Figure 5. External quantum efficiency of a coevaporated CIGS solar
cell with an ALD-Zn(0O,S) buffer layer. Data for a cell with a
chemical bath deposited CdS buffer layer are shown as reference.
(Reprinted from [44] with permission from WIP-Renewable
Energies.)

window for good-quality buffer layers is narrow (105—
135 °C) and the best (Zn,Mg)O buffer layers with a band gap of
about 3.6 eV were deposited at 120 °C. For films deposited at
higher temperatures, a significant drop in device efficiency was
observed due to lower open circuit voltage V. and fill factor
FF values possibly due to deterioration of the interface quality.
Coevaporated CIGS cells with a 150 nm thick ALD-prepared
(Zn,Mg)O buffer layer yielded efficiencies up to 18.1% [32].
The absorption of these cells in the blue wavelength range is
much better than that of the reference cells (using CdS buffer
layers), resulting in an increased Jy. and efficiency.

Zn(0,S) buffer layers also benefit from the ability of ALD
to control the film composition from pure ZnO to pure ZnS
by changing the ratio between the Zn(C,Hs), precursor and
the two reactants H,O and H,S. The solar cell performance
depends strongly on the composition of the Zn(O,S) buffer
layer. On the one hand, buffer layers need to be ultrathin
when the sulfur content is too high to prevent blocking of
the photocurrent. On the other hand, a drop in V,,. occurs if the
sulfur content is too low. Both phenomena can be explained
by the CBO at the CIGS/Zn(0O,S) interface which is discussed
in detail by Plater-Bjorkman et al [42]. The best Zn(O,S)
buffer layer had an intermediate sulfur concentration and was
obtained by the deposition of 70 ALD cycles of Zn(O,S) at
120 °C, where in every seventh cycle H,S instead of H,O
was used as the reactant. The application of these 25 nm
thick Zn(0,S) buffer layers to 12.5 x 12.5 cm? coevaporated
CIGS solar cells led to efficiencies up to 18.5% [44].
Similar to the CIGS cells with an ALD-prepared (Zn,Mg)O
buffer layer, these cells have an increased absorption in
the blue wavelength range compared to CdS reference cells
(see figure 5). Additionally, the quantum efficiency between
600 nm and 1000 nm increased, which was attributed to a
wider space charge region in the cells leading to an improved
carrier collection for long wavelengths. Mini-modules
(16 series interconnected cells; cell width of 5 mm) with
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Zn(0,S) buffer layers showed both a higher V,. and higher
Jsc than the CdS-reference modules. The best efficiency
obtained was 14.8%, which was more than 1% absolute higher
than the CdS-reference module [44].

ALD-In,S; buffer layers are usually deposited using
In(acac); as precursor and H,S as reactant. In this particular
case, the deposition temperature is a crucial parameter.
Compared to the ALD process of (Zn,Mg)O and Zn(O,S),
relatively high temperatures are used, typically 200-210 °C.
At these temperatures small amounts of Cu, Ga and In from
the CIGS absorber diffuse into the In,S; films during the
deposition [45]. This effect promotes the formation of the
p—n junction due to an inversion of the near-interface region
of CIGS from p-type to n-type. At temperatures above 210 °C,
an undesired intermediate phase is formed between CIGS and
In,S; which deteriorates the cell performance. The highest cell
efficiencies have been obtained for cells with thin In,S; buffer
layers of 30-40 nm deposited by ALD [51], with 16.4%
as the best efficiency [47]. This process has been scaled
up successfully to 30 x 30 cm? module areas, leading to
module efficiencies of 12.9% which is comparable to the CdS-
reference module [49]. In the blue wavelength region between
380 nm and 600 nm, the quantum efficiency of the devices with
In,S; buffer layers is higher than the Cd-containing reference
device due to the higher band gap of In,S3 (2.7 eV). Above
all, the main benefit of using In,S; buffer layers is that the
cell does not suffer from the light soaking effect which has
been observed for CIGS devices with other alternative Cd-free
buffer layers [50].

4. Encapsulation of CIGS and OPYV solar cells

The encapsulation of flexible CIGS and OPV cells is required
to protect them against moisture and oxygen from the ambient.
Traditionally, glass is used as encapsulating material for many
solar cells because of its negligible water vapour transmission
rate. However, robust, transparent and flexible materials are
required in the case of flexible CIGS and OPV cells. The
capability to deposit virtually pinhole-free inorganic films at
low temperature renders ALD a good candidate technique for
this application [60, 61, 63-65].

Carcia et al demonstrated that an encapsulation layer
of 55 nm Al,O3 deposited by ALD on top of a CIGS cell
provides excellent moisture permeation protection [61]. As
shown in figure 6, the level of protection was found similar
to that of glass. The V.. and FF values did not decrease
significantly under accelerated ageing testing conditions
(85 °C/85% relative humidity) which demonstrates the superb
encapsulation quality of Al,O3. Furthermore, the deposition of
the Al,O3 at 120 °C also worked as an annealing step, which
improved the initial efficiency of the ALD-coated CIGS cell
from 11.5% to 13.1%.

Also, nanolaminated ALD films can be used to
encapsulate flexible PV devices. OPV cells, which have a
great commercial potential due to low costs of materials
and processing, have been successfully encapsulated by
Al,0O3/HfO; nanolaminated layers with a thickness of 26 nm
[65, 66]. The nanolaminated layers were synthesized using
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terephthalate (PET). The efficiency was monitored over days, under
conditions of 85 °C/85% relative humidity (reprinted from [61],
copyright 2010, with permission from Elsevier).

52 ‘super-cycles’, each consisting of two cycles of Al,O3 and
three cycles of HfO,. A water vapour transmission rate of less
than 5 x 10™* g m2 day~! (65 °C/60% relative humidity),
and the fact that the devices were able to maintain over 70%
of their initial power conversion efficiency after air storage
and accelerated ageing tests, show that the OPV cells were
effectively encapsulated [66]. Also in this case, the ALD
process at 140 °C served as a beneficial annealing step. The
annealing induced aggregation of the two different polymer
domains, which facilitates the transport of charge carriers
through these domains [65]. It is interesting to highlight that in
these cells the ZnO electron selective layer and the 0.6 nm thick
HfO, hole blocking layer were also deposited by ALD [66].
This device configuration had an initial efficiency of 4.5%.

5. Barrier layers for dye-sensitized solar cells

Dye-sensitized solar cells (DSSCs) are one of the emerging
technologies based on abundant and low-cost materials, and
simple processing techniques. One of the limiting factors of
DSSC:s is the recombination of charge carriers at the interface
of the photoanode and the dye or electrolyte. The application of
a barrier layer suppresses these recombination processes due
to the greater diffusion length of electrons in the photoanode.
However, a barrier layer also decreases the charge injection
from the dye into the photoanode. Therefore, a trade-off in
thickness is required. The capability of ALD to coat high-
aspect ratio surfaces with a high quality barrier layer of a few
atomic layers thick is exploited for this type of solar cells.

A variety of materials deposited by ALD have been
studied as a barrier layer for different photoanode structures
(see table 1). For instance, TiO, nanoparticles coated with thin
Al,Oj3 layers (using AI(CH3); and H,O) resulted in improved
solar cell performances [74-80, 119]. These good results
have been related to the high recombination energy barrier
of the Al,Os-TiO, interface, the high work function of the
Al,O3 barrier layer, and the low energy barrier between the
dye and Al,O3 [78]. The ALD process requires a long soaking
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Figure 7. High-resolution transmission electron microscope
(HR-TEM) image of a DSSC with TiO, electrode coated with

20 ALD cycles of Al,Os. (Reproduced from [75] by permission of
The Royal Society of Chemistry.)

period (~2 min) after each exposure of the reactants to obtain
a conformal coating within the nanoporous structure. A very
time-consuming process can however be avoided because it
was found that optimal barrier performance can be obtained
by depositing only one ALD cycle of Al,O3 (~0.1 nm)
[74-77, 119]. One such ALD cycle does not fully cover the
TiO, surface, but it is hypothesized that the dye bonds only to
the Al,O3 barrier layer because the contact with the TiO; is
prevented by steric hindrance [75]. However, discrepancies
in the thickness values reported in the literature exist on this
matter. Several authors reported that thicknesses of ~2 nm are
required [79, 80], but in theory these thicker layers should have
alower performance as a barrier layer since the rate of electron
tunnelling from the dye to the TiO, decays exponentially with
the barrier thickness [81]. The HR-TEM image presented in
figure 7 shows a TiO, nanoparticle that was conformally coated
with 20 ALD cycles (~2 nm) [75].

Efficiencies of 6.5% have been reported for DSSCs with
TiO,/ALD-AI,O3 core-shell structures [75, 76], which are
similar to that reported for DSSCs with Al,O3 layers prepared
by other methods such as sol-gel coating. The use of ALD
presents an advantage because it is not wet chemical while the
films can still be deposited at low temperatures. This makes
ALD an attractive technique for plastic-based flexible DSSCs.

6. ALD for nanostructured solar cells

Besides the application of ALD in well-established solar
cell concepts such as c-Si and CIGS solar cells, ALD has
also been used to produce nanostructures for emerging solar
cell concepts. These concepts are not likely to become
economically viable in the near future, however it is still worth
briefly addressing them in this review.

ALD can be used to fabricate novel photoanode structures
to further improve the performance of DSSCs. Martinson
et al synthesised high-surface-area ZnO nanotube photoanodes
by combining anodic aluminium oxide templating and
ALD [90, 120]. As shown in figure 8, the capability
of ALD to conformally coat nanometre-sized pores was
successfully exploited to obtain oriented arrays of electrically
interconnected semiconductor nanotubes. These nanotubes

AAO pore

ALD ZnO film
i

et -..---_..._ P—

pore wall I

Figure 8. Cross-sectional scanning electron microscope (SEM)
image of anodic aluminium oxide (AAO) membrane pores coated
with 20 nm ALD-ZnO. (Reprinted with permission from [90].
Copyright 2007 American Chemical Society.)

provided direct paths for charge collection over a thickness
of tens of micrometres and exhibited therefore much faster
transport than nanoparticle networks. Hamann et al used low-
density, high-surface-area, mesoporous aerogels of silica as
a template to fabricate pseudo-one-dimensional TiO, and
ZnO photoanodes [86, 89]. Both TiO, and ZnO were
conformally deposited with controlled variable thicknesses on
the aerogel templates by ALD. Power conversion efficiencies
of over 5% have been reported for DSSC devices with these
nanostructured photoanodes [121].

Goossens and co-workers deposited Cu,S and
CulnS, films by ALD to be used as absorber materials
in nanostructured heterojunction solar cells [95-99]. For
these three-dimensional solar cell concepts, CulnS, was
infiltrated by ALD into the pores of nanostructured TiO,. The
infiltration process relied again on the excellent conformality
that can be obtained by ALD. In addition, buffer layers of
In,S; and Al,O3 were deposited in the same ALD reactor
as the CulnS, photoactive material. The application of a
stack of 2 nm Al,O3 and 10 nm In,S3 between the TiO, and
CulnS; layers improved the device performance significantly
[99]. Efficiencies of 4% were obtained on solar cells of a few
square centimetres in area.

7. The prospects of ALD in solar cell manufacturing

From the overview of the efforts to apply ALD in various solar
cell concepts it is clear that ALD is a technique which is of
high interest for the field of photovoltaics. As introduced in
the previous sections, ALD has several unique features which
can be used to face processing challenges in different types
of solar cells. For the application in industrial PV production,
however, high-throughput manufacturing is essential. So far,
the deposition rates that can be obtained in conventional single
wafer reactors (see figure 9(a)) as often used in research, are
considered too low. Even for the almost ‘ideal” ALD process of
Al,O3, the growth rate is not more than a few nm per minute
on planar substrates [146]. Fortunately, the growth rate of
ALD (nm min~') does not simply relate to the throughput
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Figure 9. Schematic representations of various ALD reactor designs: (a) showerhead type single wafer ALD reactor; (b) batch ALD reactor
[122]; (c) in-line spatial ALD reactor as designed by SoLayTec [148, 149]; (d) in-line spatial ALD reactor as designed by Levitech [134];
(e) roll-to-roll ALD reactor as designed by Lotus Applied Technology [142]; (f) roll-to-roll ALD reactor as designed by Beneq [124].

(nm min~! m~2) of an ALD system. Scaling up to batch cell, different strategies can be employed, all having their
reactors as well as novel ALD reactor designs can increase particular strengths and challenges. Critical issues include

the throughput drastically. Depending on the type of solar high-uniformity over large areas and reactant handling and
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injection. Achievements and challenges for batch ALD, large-
area ALD, spatial and in-line ALD and roll-to-roll ALD are
addressed in the following subsections.

7.1. Batch ALD

Batch reactors are one of the earliest high-throughput
ALD reactor designs using a single reactor chamber to
process multiple substrates (see figure 9(b)). Typically,
these reactors can process 50-500 substrates in a single
deposition run [122, 123]. Scaling up from single wafer
reactor to batch reactor is, however, not straightforward.
First of all, the reactant exposure and purging times need
to be longer than those in single wafer reactors due
to the larger reactor volume and lower gas conductance
between multiple substrates [3]. Fortunately, the advantage
of processing multiple substrates at the same time balance
out the longer processing times positively. Secondly, only the
more ideal ALD processes are suited for batch operation,
unless the conditions are relaxed (e.g. lower demands on
uniformity). Finally, single-side deposition can be challenging,
for example when surfaces are textured such that the surface
texture of the wafers hinders adequate back-to-back wafer
stacking. Despite these challenges, ALD batch processing is
currently under development by several companies to meet
the high quality and throughput demands of the PV industry
[124-127]. The Finish company Beneq, for example, is
on the verge of commercializing a high-throughput batch
reactor (TFS NX300) especially designed for the deposition of
Al,Oj3 surface passivation layers for c-Si solar cells [124]. It is
expected that with this reactor a maximum throughput of 3200
wafers per hour can be obtained for 20 nm thick Al,Os3 films.

7.2. Large-area ALD

The use of large-area substrates is another strategy that
contributes to increase the throughput of ALD. Large-area
ALD reactors can be single wafer or batch reactors that in
both cases share the same benefits and drawbacks as the
batch reactors described in the previous subsection. A single
wafer type of large-area reactor is developed by Beneq for the
deposition of Cd-free buffer layers in CIGS solar cells. The
reactor is based on the cross flow ALD concept (i.e. flow of
precursors is parallel to the substrate surface), and can deposit
60 x 120 cm? CIGS panels with 20 nm Zn(O,S) at a (typically
required) throughput of 24 panels per hour [123, 124]. The
large-area CIGS panels can be uniformly coated ( £ 3%) with
ALD cycle times of only 2 s. The fact that the system meets
the very demanding requirements for both thin-film quality
and process throughput makes Cd-free ALD buffer layers a
true alternative to the conventional CBD-CdS buffer layers.

7.3. Spatial and in-line ALD

A completely different strategy is the so-called spatial ALD
concept. In this concept the ALD cycles are carried out in the
spatial domain rather than in the time domain. This means
that precursor and reactant pulsing occur at different positions
using different reaction zones separated by purging areas.

Therefore, in order to expose the substrate to these different
zones, either the substrate itself or an ‘ALD deposition head’
must move. The use of purge areas, created by inert gas
barriers, requires high pressure operation. In this case, the
throughput is merely limited by the technical specifications
of the reactor (e.g. substrate loading, reactor size/length, etc.)
as well as the speed and kinetics of the surface reactions. For
processes with typical half-reaction time scales in the order of
a few milliseconds, very high deposition rates can be obtained
while maintaining a high film quality.

The basic concept of spatial ALD was already presented
by Suntola et al in 1983 [128]; however, it was Levi et al
from the Eastman-Kodak company who really pioneered
it experimentally for application in thin-film transistors
[129, 130]. The interest in this concept for PV followed
after the promising results of Al,Oz films deposited by
ALD to passivate the surface of c-Si solar cells [102,
103]. Two companies, SoLayTec and Levitech [131, 132],
are currently developing in-line systems based on the
spatial ALD concept, aiming at a throughput of more than
3000 wafers per hour to meet the industrial requirements
[133-139]. The main difference between the two designs is
the way of transporting the wafers (see figures 9(c) and (d)).
In Levitech’s system the wafer is propelled continuously in
one direction while the wafer is moved back and forth in
SoLayTec’s system. Both systems show very promising results
in terms of throughput and material quality. A high level
of surface passivation, similar to that of Al,O5; obtained in
single wafer reactors, has been obtained in proof-of-principle
reactors [133, 134]. The passivation quality of the Al,Oj films
after firing was tested and was well within the specifications
for advanced passivation applications [134, 135]. The main
benefit of these systems is that they operate under atmospheric
pressure and that neither gas switching valves nor vacuum
pumps are needed. Furthermore, no deposition occurs at the
reactor walls as every part of the reactor is only exposed to
one of the reactants at most.

The first successful implementation of spatial ALD of
Al,O5 films into solar cells was reported in 2010 using
Levitech’s system [16]. The Al,O5 films were implemented
in the ASPIRe (all sides passivated and integrated at the rear)
cell concept—a combination of metal wrap through and rear
surface passivation technologies—showing initial efficiencies
up to 16.6%. Even though Levitech’s reactor was still under
development at that stage, the achieved efficiencies were very
encouraging as they were approximately 1% absolute higher
than those for similar cells passivated by a-SiN,:H films.
Very recently, also the good passivation quality of Levitech’s
spatial ALD-AIL,O; films on boron-diffused p-type emitters
was demonstrated [18]. An efficiency of 18.3% was achieved
for n-type Si solar cells with an Al,O3 layer thickness of 5 nm.

7.4. Roll-to-roll ALD

The promising results obtained by the implementation of
substrate movement in the ALD process led to new reactor
designs for specific applications. The roll-to-roll ALD concept
was conceived for coating flexible substrates. This ALD
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approach can be exploited to encapsulate flexible PV devices
with the industrially required high throughput. Different
concepts are being considered to realize roll-to-roll processes
[124, 140-142]. All these approaches have in common that
the precursor gases are confined in certain volumes, and that
the flexible substrate is transferred through these volumes
to enable the right exposure of the substrate to the various
precursors. Lotus Applied Technology, for instance, reported
on a static low pressure deposition chamber where the flexible
substrate is passed through a sequence of slit valves from the
purge zone to the precursor or reactant zone (see figure 9(e))
[142-144]. This setup led to the deposition of high-quality
barrier layers on both sides of the substrate with a speed up to
20 m min~! [144]. Beneq reported a roll-to-roll ALD process
where the flexible substrate rolls from a feed-in reel through
the ALD process section—consisting of a rotating drum and an
ALD coating head—and ends at a take-up reel (see figure 9(f))
[124]. In a proof-of-concept reactor, the relevant parameters
for this roll-to-roll ALD process were studied and showed a
good film uniformity across the 300 mm x 100 mm flexible
substrate at a temperature of about 100 °C [140, 145]. The
new proposed system is capable to coat 500 mm wide flexible
substrates with a speed up to 2 m min~' [124].

The above-mentioned efforts represent a first step
to establish true industrial roll-to-roll ALD, but further
development of these systems will remain necessary. Industrial
pilot-scale roll-to-roll ALD systems are expected to be
implemented within a 1-2 years time frame [146].

8. Conclusions and outlook

Atomic layer deposition has attracted extensive scientific and
technological interest in the last decade due to its capability
of depositing high-quality thin films with precise growth
control, exceptional uniformity, and excellent step coverage on
non-planar surfaces. The applications of ALD-prepared thin
films in several solar cells concepts discussed in this review
clearly illustrate the prospects of ALD to improve solar cell
efficiencies. Among all, the application of ALD passivation
layers in c-Si solar cells and ALD buffer layers in CIGS solar
cells are considered the most promising for the PV industry
in the coming years. It is expected that these two applications
can compete with established technologies, and therefore have
a significant market potential.

The ALD technique has the opportunity to have an
even wider scale implementation in the PV industry if a
few remaining challenges are addressed. For instance, the
high-throughput manufacturing processes developed so far
use the more ‘ideal’ ALD precursors such as AI(CH3); and
Zn(C,Hs),, which are liquids, highly reactive, and highly
volatile. Unfortunately, for some processes only solid and/or
low-vapour pressure precursors are available and their use is
challenging for deposition over large areas and for processing
at atmospheric pressure. Therefore, future research should
focus on precursor development to widen the choice of ALD
precursors available for high-throughput processing. Other
challenges are related to applications using temperature-
sensitive materials, such as for example in polymers-based
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solar cells. The deposition of high quality materials at low
temperatures (<100 °C) is quite challenging. This difficulty
could be overcome by the use of plasma-assisted ALD
processes that allow for deposition at these low temperatures
[147].

The state of ALD research for photovoltaic applications
puts ALD on the right track to become part of the standard
solar cell process equipment in the near future. Despite
the conservative production-oriented mindset of the PV
industry, it is expected that ALD will be fully embraced
at the moment high-throughput ALD equipment achieve
better performance with lower costs than existing deposition
techniques. Considering the remarkable advances and quick
increase in interest in ALD technology in the last few years
this moment could be in the near future.
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