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Atomic layer deposition (ALD) is a vapor phase technique capable of producing thin films of a variety of
materials. Based on sequential, self-limiting reactions, ALD offers exceptional conformality on high-
aspect ratio structures, thickness control at the Angstrom level, and tunable film composition. With
these advantages, ALD has emerged as a powerful tool for many industrial and research applications. In
this review, we provide a brief introduction to ALD and highlight select applications, including
Cu(In,Ga)Se; solar cell devices, high-k transistors, and solid oxide fuel cells. These examples are chosen
to illustrate the variety of technologies that are impacted by ALD, the range of materials that ALD can
deposit - from metal oxides such as Zn,_,Sn,0,, ZrO;, Y,O3, to noble metals such as Pt - and the way in
which the unique features of ALD can enable new levels of performance and deeper fundamental

understanding to be achieved.

Introduction

Atomic layer deposition (ALD) is a technique capable of depositing
a variety of thin film materials from the vapor phase. ALD has
shown great promise in emerging semiconductor and energy
conversion technologies. This review is intended to introduce
the reader to the basics of ALD and highlight current applications
pertaining to microelectronics and energy that were selected
because of their importance in either industry or research. For a
more comprehensive summary of ALD and its many applications,
the reader is referred to existing reviews on the topic [1-10].

As device requirements push toward smaller and more spatially
demanding structures, ALD has demonstrated potential advan-
tages over alternative deposition methods, such as chemical vapor
deposition (CVD) and various physical vapor deposition (PVD)
techniques, due to its conformality and control over materials
thickness and composition. These desirable characteristics origi-
nate from the cyclic, self-saturating nature of ALD processes.

ALD was popularly introduced as atomic layer epitaxy (ALE) by
Suntola and Antson in 1977, depositing ZnS for flat panel displays

*Corresponding author:. Bent, S.F. (sbent@stanford.edu)
3 authors contributed equally.

[11]. As further ALE processes were developed to incorporate
metals and metal oxides, many materials were deposited non-
epitaxially and the more general name of ALD was adopted to
reflect this [1]. It should be noted, too, that many ALD procedures
were developed from a variety of CVD processes. In contrast to
their CVD analogs, the ALD procedures feature alternating expo-
sure of chemical precursors to react to form the desired material,
often at significantly lower temperatures [12].

A general ALD process is illustrated in Fig. 1. It consists of
sequential alternating pulses of gaseous chemical precursors that
react with the substrate. These individual gas-surface reactions are
called ‘half-reactions’ and appropriately make up only part of the
materials synthesis. During each half-reaction, the precursor is
pulsed into a chamber under vacuum (<1 Torr) for a designated
amount of time to allow the precursor to fully react with the
substrate surface through a self-limiting process that leaves no
more than one monolayer at the surface. Subsequently, the cham-
ber is purged with an inert carrier gas (typically N, or Ar) to remove
any unreacted precursor or reaction by-products. This is then
followed by the counter-reactant precursor pulse and purge, creat-
ing up to one layer of the desired material. This process is then
cycled until the appropriate film thickness is achieved. Typically,
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FIGURE 1

A Reaction By-Product ©

Inert Carrier Gas

Schematic of ALD process. (a) Substrate surface has natural functionalization or is treated to functionalize the surface. (b) Precursor A is pulsed and reacts
with surface. (c) Excess precursor and reaction by-products are purged with inert carrier gas. (d) Precursor B is pulsed and reacts with surface. (e) Excess
precursor and reaction by-products are purged with inert carrier gas. (f) Steps 2-5 are repeated until the desired material thickness is achieved.

ALD processes are conducted at modest temperatures (<350 °C).
The temperature range where the growth is saturated depends on
the specific ALD process and is referred to as the ‘ALD temperature
window’. Temperatures outside of the window generally result in
poor growth rates and non-ALD type deposition due to effects such
as slow reaction kinetics or precursor condensation (at low tem-
perature) and thermal decomposition or rapid desorption of the
precursor (at high temperature). In order to benefit from the many
advantages of ALD, it is desirable to operate within the designated
ALD window for each deposition process.

The primary advantages of ALD are all derived from the sequen-
tial, self-saturating, gas-surface reaction control of the deposition
process. Firstly, the conformality of ALD-deposited films is often
the critical factor in choosing ALD over competing deposition
techniques such as CVD or sputtering. Conformality of high aspect
ratio and three dimensionally-structured materials is made possi-
ble by its self-limiting characteristic, which restricts the reaction at
the surface to no more than one layer of precursor. With sufficient
precursor pulse times, the precursor can disperse into deep
trenches, allowing for complete reaction with the entire surface.
Subsequent cycles allow for uniform growth on high aspect ratio
structures, whereas CVD and PVD may suffer from non-uniformity
due to faster surface reactions and shadowing effects, respectively.
Examples of the superior conformality of ALD films are shown in
Fig. 2a and b for SnS, films on Au nanoparticles and Ge,Sb,Tes
films over SiO, trenches; the ability of the process to evenly coat

the substrate morphology is evident. A second apparent advantage
of ALD is the thickness control of the deposited thin films. By
utilizing layer-by-layer deposition, the thickness of a film can be
tailored by the number of ALD cycles. Growth per cycle for many
ALD films has been summarized in previous reviews [1,2] and is
typically less than one A/cycle, depending on the individual
process. Another prominent advantage of ALD is composition
control. Composition control has been demonstrated with mate-
rials such as zinc tin oxide (ZTO) [13] and S1TiO3 [14], among many
others [15-17]. These films can be deposited and compositionally
controlled by tailoring ALD ‘super cycles’, which are composed of
multiple ALD processes. For example, in ZTO deposition, adjusting
the super cycle ratios for SnO, and ZnO can tailor different con-
duction behavior and optical properties of the film [13]. In depos-
iting SrTiO3, ALD processes for TiO, and StCOj are alternated in a
super cycle at a 1:1 ratio, producing a stoichiometric SrTiO3; film
after annealing (Fig. 2) [14]. However, it should be noted that a
nonlinear relationship between the cycle ratio and the film'’s
atomic ratio is common for the ternary oxide processes [16,17],
making it less straightforward to deposit a film with a certain
desired composition. For example, additional studies on SrTiOs3,
ALD have indicated that a 1:1 Sr:Ti atomic ratio in films is also
possible for ALD cycle ratios between 0.67 and 0.82 [15]. Other
complications in composition control for ternary and quaternary
metal oxide ALD arise from the need for the growth windows of
individual ALD processes to be thermally compatible and the way
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FIGURE 2

Examples of ALD strengths. (a) TEM image of conformal SnS, ALD film on
Au nanoparticles. Scale bar is 100 nm. (b) SEM cross-sectional image of
conformal Ge,Sb,Tes ALD film in trenches [30]. (c) SrTiOs stoichiometry as a
function of SrCO3 and TiO, ALD super cycle ratio [14]. Image (b) Reprinted
with permission from Ref. [30]. Copyright (2009) American Chemical Society
and image (c) Reprinted (adapted) from Ref. [14], Copyright (2003), with
permission from Elsevier.

in which ALD introduces dopants into the films as ‘3-doping’
spikes resulting in inhomogeneous films as-deposited that typi-
cally require annealing [18].

While ALD has many promising features, it also suffers from
slow deposition rates. Because of the long cycle times involved in
pulsing and purging precursors and the layer-by-layer nature of the

deposition, most ALD rates are on the order of 100-300 nm/h
[3,12]. This rate is strongly dependent on the reactor design and
the aspect ratio of the substrate, however. As the surface area and
volume of an ALD reactor increase, so does the time needed for
pulsing and purging. High aspect ratio substrates also require
longer pulse and purge times to allow for the precursor gas to
disperse into trenches and other three dimensional features. To
combat this shortcoming, spatial ALD has emerged as a promising
technique that may significantly improve throughput [19-23].
Spatial ALD operates by eliminating the traditional pulse/purge
chamber and replacing it with a spatially-resolved head, which
exposes the substrate to a specific gas precursor based on location.
In one design, as the head translates around the substrate, it alters
the exposed precursor, resulting in film growth. Alternatively,
spatial ALD has also been demonstrated in which the substrate
moves past stationary precursor nozzles, which are arranged so
that by passing by them, precursor cycling is achieved and the film
is grown. Overall, with spatial ALD techniques, deposition rates
around 3600 nm/h are possible [24].

A wide range of materials has been grown by ALD in previous
studies [1,4-10]. The materials encompass metals, insulators and
semiconductors in both crystalline and amorphous phases. In
addition, ALD offers a large selection of elements to choose from
to create the material of choice, as listed in Table 1 [5,25-30]. This
table shows that the most common types of ALD-grown materials
so far are oxides, nitrides, sulfides and pure elements. Despite their
more complex ALD process, compounds with three or more ele-
ments have also recently gained much interest due to their desir-
able materials properties and will therefore be showcased with a
few examples in this review.

While the selection of materials listed in Table 1 is impressive, it
clearly also shows that it is not yet possible to grow every material
by ALD. The main limit of the availability of a material by ALD is
the limited choice of effective reaction pathways. The selection is
further limited by the availability of reactants that can facilitate
the appropriate reaction pathway. As discussed earlier, it is desir-
able to run the ALD process in a self-limiting growth regime. This
imposes a list of requirements on the reactants. Foremost, a
reactant and counter reactant that will deposit the desired material
must be available or synthesized. In some cases, the selection of
available reactants for a given element is very limited or non-
existent. The reactants should be volatile enough to be in the gas
phase either at room temperature or upon moderate heating.
Furthermore, while in the gas phase they should not decompose
until they have reached and reacted with the sample surface. The
surface reaction should preferably be quick and irreversible to lead
to fast growth saturation. Neither the reactant nor its by-products,
after reacting with the surface, should dissolve, etch or in other
ways damage the substrate, the growing film or the ALD reactor
itself. It is also preferable if the reactants are small in size to avoid
reduced surface coverage due to steric hindrance. Finally, the
choice of reactants has economic implications, as some are expen-
sive and synthesis can be time consuming. Unfortunately, there
are no perfect reactants, so the choice of reagents typically
involves making tradeoffs between cost, availability, safety, vola-
tility and reactivity.

There are two main groups of metal reactants: inorganic, as in
the elemental and the metal halides, and metal organic, as in
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TABLE 1

List of materials grown by ALD [5,25-301.

Elemental Oxides Nitrides Sulfides Other compounds

C, Al, Si, Ti, Fe, Co, Ni, Cu, Li, Be, B, Mg, Al, Si, P, Ca, Sc, Ti, V, Cr, B, Al, Si, Ti, Cu, Ga, Zr, Nb, Ca, Ti, Mn, Cu, Zn, Sr, Y, Li, B, Mg, Al, Si, P, Ca, Ti, Cr, Mn,
Zn, Ga, Ge, Mo, Ru, Rh, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, Sr, Y, Zr, Mo, In, Hf, Ta, W Cd, In, Sn, Sb, Ba, La, W Co, Cu, Zn, Ga, Ge, As, Sr, Y, Cd,

Pd, Ag, Ta, W, Os, Ir, Pt Nb, Ry, Rh, Pd, In, Sn, Sb, Ba, La, Ce, Pr,
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,

Lu, Hf, W, Ir, Pt, Pb, Bi

In, Sb, Te, Ba, La, Pr, Nd, Lu, Hf,
Ta, W, Bi

TABLE 2

Available reactant groups for specific elements [4,25-30].

Elemental Halides Alkyls Cyclopentadienyls  B-diketonates Other reactants

Mg, Mn, Zn, B, C, Ti, V, Cr, Mn, Cu, Zn, Be, Al, Si, Zn, Ga, Mg, Sc, Ni, Sr, Y, Mg, Ca, Sc, V, Cr, Mn, Fe, Co, Ni, Li, P, Ti, Fe, Co, Ni, Cu, Zn, Ge,
Ga, Cd, In, Ga, Ge, Zr, Nb, Mo, Cd, In, Ge, Cd, In, Sn, Hg Zr, Ru, Lu, Os, Pt Cu, Ga, Sr, Y, Zr, Ru, Pd, In, Ba, As, Zr, Rh, Ag, Sb, Te, La, Pr, Yb,
Sn Sn, Sb, Hf, Ta, W, Pb La, Ce, Nd, Sm, Eu, Gd, Tb, Dy, Hf, Ta, W, Ir, Pt, Pb, Bi

Ho, Er, Tm, Ir, Pt, Pb

alkyls, cyclopentadienyls, alkoxides, B-diketonates, amides, silyls
and amidinates [4,5]. Here we describe some of the benefits and
challenges associated with each type of precursor. Elemental reac-
tants grow materials that are free of contamination and their
growth is not reduced by steric hindrance, but there is only a
small selection of metals that have a high enough vapor pressure to
be suitable as elemental reactants. Halides are very reactive, have
low steric hindrance and can be used in a wide temperature range,
but suffer from having reactive by-products and from uninten-
tional incorporation of the halide atoms into the growing mate-
rial. Alkyls are also very reactive due to the direct metal carbon
bond and can use H,O as a counter reactant, but are limited by
decomposition at higher temperatures and are only available for a
small number of elements. Similarly, the cyclopentadienyls are
reactive due to their metal carbon bonds and can use water as a
counter reactant, but suffer from decomposition at higher tem-
peratures and are only available for a small number of elements. In
contrast, B-diketonates exist for a large variety of elements, but are
bulky and have low reactivity leading to low growth rates. They
also require more reactive counter reactants such as O3 to achieve
their highest oxide growth rates. Alkoxides suffer mainly from
poor thermal stability. Amides and silyls show good reactivity, but
decompose at quite low temperatures. Amidinates are a promising
alternative for the future, as they are projected to be available for a
big group of elements, and have decent thermal stability and good
reactivity. Due to these tradeoffs and the limited choice for each
element, research into new reactants is continually ongoing [5,9].
Table 2 lists the reactant groups that are currently available for a
given element [4,25-30].

There is also a selection of counter reactants that are appro-
priately suited to the metal reactants. For instance, oxygen counter
reactants include H,0O, O3, O,, H,0,, and O® from a plasma source
[4,5]. Creating highly reactive radicals from a plasma source is a
relatively new concept in ALD that is commonly denoted as
plasma enhanced ALD (PEALD) [1,5-7]. While O3 and O® are very
reactive and therefore can use lower deposition temperatures and
enable the use of less reactive metal reactants, they are also more
likely to oxidize the surface of the underlying substrate and create
an unwanted interfacial layer [29-31]. Despite being less reactive,

H,0 is most commonly used for oxides, since it is gentler to the
substrate surface and can withstand higher deposition tempera-
tures without decomposing. For similar reasons, other hydrides
such as NH3 and H,S are commonly used as counter reactants for
nitrides and sulfides, respectively [4,5]. In rare cases even H,Se is
used to grow selenides, despite its toxicity [4,5].

In the following sections of this review, we will showcase some
of the latest and most exciting applications of ALD. We have
selected field effect transistors, thin film solar cells, and fuel cells
to highlight here, because these applications each show how the
unique features of ALD enable new levels of performance and
deeper fundamental understanding to be achieved. These exam-
ples also illustrate the range of materials that ALD can deposit.
Finally, the selection was made to show that different scientific
and engineering problems can be solved by ALD, both in industry
and on a research scale. In short, we hope that these applications
will convince the reader that ALD is a powerful tool for solving
material science problems.

ALD in microelectronics: high-k gate dielectrics

The microelectronics industry is one of the biggest adopters of
ALD. Even in the late 1990s, Samsung was experimenting with
ALD for improving the storage capacitor in DRAM memories [32].
In current transistor fabrication, research and development rely on
using ALD for depositing pinhole-free, conformal films with well-
controlled thickness and a high dielectric constant [33,34].

As industry has transitioned to the use of high-k dielectrics for
the transistor gate stack in microelectronics devices, ALD has
become increasingly important. The high-k gate oxides need to
be highly uniform and pinhole-free on Si to prevent leakage
current through the gate oxide. To solve the oxide thickness
reduction challenges, Intel introduced ALD into their mass pro-
duction line in 2007 [34]. This was a key reason they were able to
advance from the 65 nm to the 45 nm node technology without
creating transistors with significantly higher power consumption.
The oxide layer they used consisted of a stack of layers: a SiON
interfacial layer to electrically passivate the Si surface, a high-k
HfO; based oxide with a k-value of around 20, and a capping layer
to match the work function of the gate metal [35]. Shortly
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FIGURE 3

(a) The traditional planar MOSFET design leading to an inverted surface
channel and (b) the FinFET or tri-gate design where a Si fin that is covered
by the gate oxide from three sides becomes inverted from the surrounding
gate oxide, thus increasing the overall inverted volume compared to the
planar design for the same gate voltage.

afterward, other major players in the semiconductor industry
followed suit and started their own production using ALD to
deposit high-k dielectrics [36-39].

As the devices have continued to shrink, in part enabled by the
ALD gate oxides which decreased the equivalent gate oxide thick-
ness, new limitations on the bulk Si crystal have forced the
industry to look for other, more radical alternatives to the tradi-
tional transistor concept. In their latest technology, the 22 nm
node [33], Intel introduced a structure called tri-gate into produc-
tion, which is a variant of the Fin field effect transistor (FinFET)
structure. Instead of using the traditional planar channel, shown
in Fig. 3a, where only the top of the Si bulk crystal is inverted, this
new structure has fin like slabs of Si sticking out of the bulk crystal,
as shown in Figs. 3b and 4a.

In this tri-gate design, the high aspect ratio fins protruding from
the surface need to be covered with a gate oxide of great composi-
tional and thickness uniformity and without pinholes, a task
tailored for ALD. One can speculate whether such a non-planar
structure would have been so readily implemented into fabrication
were it not for the conformal ALD gate oxides already being a part
of the existing production line.

Although information on what will be implemented by the
chipmakers in the next generation technology is not public, it is
informative to look toward some of the topics that are currently
being researched by universities or institutes. One idea is to use the
conformal ALD gate oxides and continue along the FinFET track

and further encompass the gate by undercutting it a bit on the
fourth side, creating an omega gate [40], as shown in Fig. 4b.
Another version is to cover the fin even below the bulk crystal
surface level creating a pi gate [41] depicted in Fig. 4c. The ultimate
design would be to use a semiconducting wire or tube and com-
pletely surround it by the gate [42] like the nanotube in Fig. 4d.
These device structures are clearly enabled by the conformality of a
process like ALD.

Another idea being pursued is to find a gate oxide for Si which
has an even higher dielectric constant and which can be deposited
by ALD. Possible candidates include SrTiO5 [43], Al-doped TiO,
[44], LaLuO3 [45], Hf; _4Zr,O; [46], StRuO;3 [47] and HfTiO, [48].
Once again, ALD turns out to be an excellent tool to explore new
high-k compounds due to its ability to grow compositionally-
uniform films and its relatively straightforward way of controlling
the material composition by alternating binary material cycles
during growth.

Lastly, to reduce the power and to increase the speed of the
devices, it is of interest to increase the electron and hole mobility
within the channel for the NMOS and p-channel MOSFET (PMOS)
transistors respectively. It is therefore natural to look toward
alternative semiconductors to bulk silicon in which the electron
or hole mobility is higher. III-V compound semiconductors are
generally good examples of materials with excellent electron
mobility, whereas Ge is an example of a material with an excellent
hole mobility. The FinFET structure has the same advantages for
these materials as well [49-51], but will require new high-k dielec-
tric gate stacks that are adapted to these materials instead. Materi-
als such as TaSiO,, HfO,, Al,03 and HfAlO have so far successfully
been implemented as high-k dielectrics by ALD for III-V com-
pounds [52,53] and Al,O3; and HfO, for Ge [49,50,54]. It also is
critical to form a good passivation layer on top of Ge [55] and to rid
the I1I-V/high-k dielectric interface of native surface oxides that
tend to pin the Fermi level at the interface [56]. Interestingly
enough, certain ALD precursors as TMA have shown the ability
to remove all or some of these native oxides during the ALD
process [55]. This is yet another advantage that hints at ALD being
an important tool for the future of electronics development.

Looking further ahead, ALD promises to be an interesting
technique for applications in emerging electronics where new,
lower dimensionality semiconductors using sheet, tube or wire
based structures such as graphene [57], WSe, [58], carbon nano-
tubes [59] and semiconductor nanowires [60] require a conformal
high-k gate oxide coating that does not significantly disrupt the
unique low dimensional material properties. With continued
scaling and adoption of new designs and materials, ALD is likely
to become an even more critical tool for the microelectronics
industry in the future.

ALD in photovoltaics: buffer layers in Cu(In,Ga)Se, thin
film solar cells

There are numerous applications for ALD in photovoltaic devices
[10]. Materials deposited by ALD are used as a rear contact passiva-
tion layer [61], in organic solar cells as a means to tune the
electrode work function [62], and in dye sensitized solar cells as
a barrier to prevent recombination [63]. Additionally, ALD can be
used to create the transparent conducting oxide for the solar cell
technologies listed above [64]. There is also research on creating
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Poly-Si

_Box

FIGURE 4

Different multiple gate design structures where ALD gate oxides have been used. (a) A TEM cross-section of Intel’s [33] FinFET transistor at the 22 nm node
with the gate-oxide and gate wrapped around the fin. (b) Liu et al. omega gate structure wrapping around a Ge channel [50]. (c) A pi-gate surrounding a
poly-Si nanowire in a thin film transistor by Chen et al. [60]. (d) A carbon nanotube FET with a gate all around structure by Franklin et al. [59]. Reprinted
from (a) Copyright (2012) IEEE. Reprinted, with permission, from Ref. [33], (b) Copyright (2013) IEEE. Reprinted, with permission, from Ref. [50], (c) Copyright
(2013) IEEE. Reprinted, with permission, from Ref. [60], (d) Reprinted with permission from Ref. [59], Copyright (2013) American Chemical Society.

the light absorbing layer using ALD both in the form of thin films
[65] and in the form of nanoparticles with quantum confinement
properties [66,67]. Finally, as we will discuss in further detail in this
section, it can be used in thin film solar cells to engineer the
electrical junction properties of the solar cell diode.

The ability to precisely control the composition of a compound
of three or more elements by ALD is very useful in optoelectronic
materials such as photovoltaics as it enables a means to control-
lably vary properties as band gap, density, conductivity, energy
band levels, and morphology. An example of this is the ALD-
grown Zn,_,Sn,O, compound, where the conduction band level
and valence band level were found by Kapilashrami et al. [68] to
change as the composition is varied from ZnO to SnO,, shown in
Fig. 5.

One application where the ability to finely tune the composition
and in turn the position of the conduction and valence bands is
required is in Cu(In,Ga)Se; (CIGS) thin film solar cells. Since CIGS is
p-type as deposited, n-type layers of different semiconductors are

introduced in CIGS solar cells to form the electrical pn-junction, as
shown in Fig. 6a [69]. The n-type layer deposited directly on top of
the CIGS is defined as the buffer layer. Since it forms the pn-
junction, the electrical properties of this buffer layer are critical.
The standard material for this buffer layer is CdS, but because CdS is
toxic and also parasitically absorbs blue light, much research effort
hasbeen expended on finding a good alternative. Itisbelieved that a
small positive conduction band offset (CBO) toward the CIGS is
required for an optimal buffer layer [70]. Finding such a CBO is a task
that is inherently well suited for an ALD process in which the
material composition can be controlled. Moreover, other ALD
benefits are also important for CIGS solar cells. The CIGS surface
is typically very uneven, with surface roughness values in the range
of 10-100 nm, and crevices can form between grains as shown in the
TEM micrograph taken by Lindahl et al. [71] in Fig. 6b. It is therefore
desirable to use a conformal buffer layer such as the ones obtained by
ALD to fully cover the rough CIGS surface. This is especially impor-
tant during large scale fabrication since the buffer layer must be
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Energy band levels of ALD-grown Zn;_,5n,0, as a function of x. The band
positions were recently determined by Kapilashrami et al. [68] using a
combination of X-ray emission spectroscopy and X-ray absorption
spectroscopy. Fig. 5 is reprinted from Ref. [68], with permission from the
PCCP Owner Societies.

pinhole free over the entire 1 m? solar cell module, in order to not
severely degrade its performance.

Historically, there has been extensive research on CIGS buffer
layers [72], but the binary system ZnO was the first CIGS buffer layer
to be deposited by ALD [73]. The performance of the ZnO was found
to be lacking, mainly due to high recombination because of the
unfavorable CBO. This led to the development of ternary ALD
compound systems such as Zn(O,S) [74] and (Zn,Mg)O [75], where
the properties of ZnO could be modified so that a more favorable
CBO could be achieved. Both of these ALD-grown ternary com-
pounds were later shown to be excellent buffer layer candidates for

(a)

Al doped ZnO,
n**-type

Cu(In,Ga)Se,
p-type

Mo

Soda Lime Glass

CIGS solar cells, each producing devices with power conversion
efficiencies of more than 18%, which was comparable to or better
than their corresponding reference devices using CdS. In the mean-
time, the ALD-grown binary compound In,S; showed excellent
performance creating CIGS solar cells with over 16% conversion
efficiency [76]. Recently, the interest in using ALD for CIGS buffer
layers has increased both for improving and understanding [76-82]
the systems mentioned above and for developing new materials
combinations such as Zn;_,5n,0, [68,71,83] and ZnInS [84].

In a recent experiment by Hultqvist et al. [83] the composition
of the Zn,;_,Sn,0, buffer layer in CIGS solar cells was varied in
order to find a composition where the CBO was favorable. These
results further highlight the strength of ALD in carrying out
compositional tuning in materials. Fig. 7 shows the resulting
conversion efficiency of the solar cells as a function of the
Zn;_,Sn,0, composition. From these results it is clear that there
are intermediate Zn,_,Sn,O, compounds where the solar cell
efficiency is higher, mainly due to a high open circuit voltage
(Voo), which is an indirect indicator of a small recombination
current. Thus, by tuning the Zn,_,Sn,0O, composition and in turn
the conduction band level, a favorable CBO with reduced recom-
bination is found for a composition of approximately x=0.2. A
more recent study by Lindahl et al. [71] showed that it was possible
to push the performance of the CIGS solar cells above 18% using
the right Zn, _,Sn,O, composition and thickness. This same study
[71] also demonstrated that the performance of the solar cells
using sufficiently thick Zn;_,Sn,O, buffer layers could be retained
even if the intrinsic-ZnO layer, typically deposited to prevent
shunts, was thinned or completely omitted from the CIGS solar
cell stack. This reduction of a processing step, enabled by the
pinhole-free, conformal coating properties of ALD, could poten-
tially reduce the manufacturing costs of CIGS modules.

(a) Conceptual CIGS solar cell stack and (b) the corresponding TEM cross section, where the CIGS layer has a conformal coating of ALD Zn,_,5n,0, [71]. To
more easily distinguish between the layers in the TEM micrograph, a dotted line has been added to define the CIGS/Zn,_,Sn,0, and Zn,_,Sn,0O,/intrinsic
ZnO interfaces. Fig. 6 is reprinted from Ref. [71], Copyright (2012) John Wiley & Sons Ltd.
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In general, ALD-grown buffer layers for CIGS solar cells have
been shown in multiple reports to give comparable conversion
efficiencies as CdS. While these ALD layers lead to higher /., they
rarely outperform traditional CdS in terms of V,, an effect attrib-
uted to higher interface recombination with the alternative buffer
layers. The search therefore continues to find compounds that can
match or outperform CdS in terms of V. In this search, ALD has
become a very important tool due to its ability to control material
properties of ever more complex compounds. Moreover, the abil-
ity to tune the electronic properties of the buffer layer has also
spurred interest for ALD among groups currently developing novel
crystalline thin film absorber materials as Cu,(Zn,Sn)(S,Se)s [85],
SnS [86] and Cu,O [87], where similar challenges arise as in the
CIGS case.

ALD in energy storage: Pt and YSZ for solid oxide fuel
cells

Another application in which ALD shows good potential is in next-
generation fuel cells, particularly solid oxide fuel cells (SOFCs).
SOEFCs are solid-state electrochemical devices capable of convert-
ing chemical energy, in the form of hydrogen or other hydro-
carbon gases, into electrical energy. SOFCs generally consist of
three layers — a porous anode material, an ion conducting electro-
lyte, and a cathode material, all of which can utilize the benefits of
ALD. Operating temperatures for typical SOFC devices are 800-
1000 °C. Much of the current research into SOFCs is focused on
reducing the operating temperatures to ranges between 300 and
600 °C [88-96]. To mitigate limitations associated with lower
temperatures, such as lower ionic conductivity and slower reaction
kinetics at the electrodes, different strategies have been employed.
One approach is to reduce the resistance of the electrolyte, either
through the synthesis of a material that has a higher ionic con-
ductivity at lower temperature ranges (300-600 °C) or by reducing
the electrolyte film thickness[88,89,92-96]. The latter method
offers a two-fold advantage: besides the lower resistance of the
device, the thin film allows for rapid ion transfer between electro-
des due to the decreased diffusion length [97]. Another approach is
to enhance the reaction kinetics at the electrodes with catalysts
that are effective at lower temperatures. Both of these approaches
can benefit from the advantages imparted by ALD, and a number

0 0.5 1 1.5 2
Current density [A/cm2]

FIGURE 8

Polarization curves and power density of YSZ fuel cells. Performance
comparison of (a) ALD YSZ fuel cells to (b) reference fuel cells with 50 nm
RF-sputtered YSZ at 350 °C [92]. Adapted with permission from Ref. [92],
Copyright (2007) American Chemical Society.

of studies have applied ALD to deposit both electrolytes and
catalysts.

The electrolyte in SOFCs is generally yttria stabilized zirconia
(YSZ) or gadolinia-doped ceria (GDC), which are dense, ion-
conducting ceramics. Several studies have investigated growth
of YSZ by ALD, with focus on both improving ionic conductivity
and significantly reducing the electrolyte film thickness. YSZ
electrolyte hasbeen deposited by alternating ZrO, and Y,O3 ALD
depositions to reach the desired YSZ composition [92,94,98]. In
a study by Shim et al., YSZ thin films prepared by ALD were
compared to reference films of YSZ prepared by radio frequency
(RF) sputtering. ZrO,:Y,O3 composition ratios of the YSZ were at
0.92:0.08 (8 mol% Y dopant), a value often targeted for the bulk
composition of YSZ for optimal results in SOFCs [94,98,99].
Electrodes for both ALD and RF-sputtered SOFCs were 80 nm
of porous Pt. It was demonstrated that 60 nm ALD YSZ films had
a power density of 270 mW/cm? and activation energy of
0.88 eV, while 50 nm RF sputtered YSZ films had a power density
of only 130 mW/cm? at 350 °C, as shown in Fig. 8. Additionally,
Shim noted that the exchange current density of the ALD-YSZ/
Pt interface was four orders of magnitude greater than reference
YSZ/Ptinterfaces, suggesting the nanocrystalline morphology of
the YSZ ALD films enhances the catalytic properties of oxygen
dissociation [92].

More recently, investigations of YSZ thin films deposited by
ALD have looked at the composition of the YSZ electrolyte and its
effect on ion conductivity and catalytic activity. Son et al. inves-
tigated the ionic conductivity of ALD-grown YSZ, varying the
Zr0,:Y,03 ALD cycle ratios from 1:1 to 6:1 [94]. These cycle ratios
and their respective growth rates correlated to a dopant mole ratio
ranging from 28.8 to 4.3 mol%. The 4:1 cycle ratio (10.4 mol% Y
dopant) resulted in the highest conductivity of all films, which was
2 orders of magnitude greater than bulk YSZ (8 mol% Y dopant).
This large difference was attributed to the inhomogeneity of the
dopant in the vertical direction of the device that arises from the
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Conceptual illustration of dopant ion positioning in bulk YSZ and ALD YSZ films [94]. Reprinted (adapted) with permission from Ref. [94], Copyright (2009)

American Vacuum Society.

cyclic nature of the ALD process. This is demonstrated in Fig. 9,
where yttria dopants (blue dots) vary spatially in the vertical
direction, depending on the ALD cycle ratio. Theoretical evalua-
tion of the spatial doping and its relation to ionic conductivity are
currently being investigated. In a related study by Chao et al. [98], a
surface modification layer (7 nm) of YSZ deposited onto bulk YSZ
(500 pm) was investigated for its surface exchange and transport
properties. Films deposited with a 2:6 ratio of Y,03:ZrO, ALD
cycles (14 mol% Y dopant) resulted in a fivefold increase in the
surface exchange coefficient over bulk YSZ. However, none of the
films exhibited improved transport properties.

In addition to electrolyte studies using ALD, much effort has been
focused on catalyzing the oxidation and reduction reactions at the
electrodes. With reaction activation dropping with operating tem-
perature, many strategies to enhance the reaction kinetics have been
investigated. A popular method has been through sputtered and
ALD deposited Pt metal for the cathode [90,91]. Pt can be deposited
via ALD by (methylcyclopentadienyl) trimethylplatinum (MeCpPt-
Mes) precursor and an air (oxygen) counter reactant. Pt-ALD is
typically performed around 275-300 °C. Pt-ALD and noble metal
ALD, in general, suffer from slow nucleation rates. However, one of
the advantages to using ALD to deposit Pt over sputtering is the
intrinsic deposition roughness of noble metal ALD processes, which
increases the surface area (triple phase boundary) of the catalyst,
leading to a more efficient device [91].

An early study from Jiang et al. of Pt electrode catalysts high-
lighted the opportunity for Pt thin films in SOFCs [90]. In their
investigation, the thickness of ALD-grown Pt was varied between
5nm, 10 nm, and 30 nm and compared to films of 80 nm of Pt
deposited via direct current (dc)-sputtering. With the ALD films,
maximum catalytic electrode performance was found with 10 nm
thick Pt at 50 mW/cm?, but 80 nm dc-sputtered Pt films had a
higher power density of 80 mW/cm? at an operating temperature
of 350 °C. This is likely due to the differences in porosity of the two
deposition methods. The 10 nm ALD film had porosities in the
range of 15-20% while the dc-sputtered films had porosities
between 30 and 40%, allowing better fuel diffusivity. Significantly,
their study showed that ALD fabrication reduced the Pt loading
needed in the SOFC. More recently, An et al. [91] investigated the
triple phase boundary density of ALD films as a function of ALD
cycles and their resulting power density. These ALD thin films were
also compared to 80 nm dc-sputtered Pt films. Their results were

consistent with those of Jiang et al. and showed that while device
improvement was not significant, Pt loading was significantly
decreased. The ALD Pt films only required roughly 10% of the
Pt metal that dc-sputtered films required for similar device per-
formance. This reduced Pt loading originated from the contiguity
and the high triple phase boundary density, as TEM analysis
indicated. The reduced loading is a critical finding for the long
term economical prospects of using Pt catalysts for microscale
SOFCs.

In another study, Jiang et al. [100] utilized area-selective ALD
processes to create Pt current collector grids on a Lag ¢S19.4C0g 2-
Fey O3 cathode. To generate the grid pattern, microcontact print-
ing methods were utilized, along with an octadecyltrichlorosilane
(ODTS) monolayer. ODTS has been shown in previous studies to
deactivate the surface for Pt ALD processes [101]. This allowed the
Pt metal to be patterned into a grid structure. Power densities of p-
SOFC with and without the Pt grid were 110.7 and 11.2 uW/cm?,
respectively. This order of magnitude increase is credited to the
enhanced oxygen dissociative adsorption onto the cathode from
the Pt metal along with the collection of more current from the
cathode.

In summary, ALD techniques have shown great promise in
matching performance of sputtered SOFC devices, with the advan-
tage of reducing material loading required for a specific perfor-
mance. As more is understood about the structure and triple phase
boundary of the cathode catalysts and ion conducting electrolytes,
ALD, with its excellent composition and thickness control, has the
potential to play a pivotal role in the development of next gen-
eration SOFCs.

Summary/outlook

With devices becoming ever smaller and increasingly structured
into complex three dimensional shapes, the need for controllable
and conformal thin films has never been greater. ALD, with its
sequential self-limiting reactions, is able to meet these demands in
one of the most effective methods possible. Comparable techni-
ques, such as CVD and PVD, cannot always provide the same level
of uniformity, conformality and thickness control at the Angstrom
level. Because of the advantages of ALD, ALD processes have been
developed for a wide variety of materials, ranging from metals to
metal oxides to complex ternary materials, allowing ALD to
become incorporated into industrial procedures.
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In this review, we briefly highlighted many of the advantages of
ALD, such as conformality, thickness control, and composition
control, along with a broad range of applications in which ALD can
be utilized. These applications encompass different technologies,
such as the energy conversion industry (photovoltaics, fuel cells)
and the semiconductor industry (high-k transistors). In CIGS solar
cell devices, ALD has been used to deposit conformal thin films of
Zn;_,Sn,0, buffer layers. By tailoring the composition and thick-
ness of the Zn,_,Sn,0, films via ALD, the device efficiency could
be maximized at 18% for an approximate value of x = 0.20. For
SOFCs, ALD has been utilized in Pt catalyst deposition, showing
comparable power densities of devices with dc-sputtered Pt, but
requiring only 10% of the Pt metal thickness. Additionally, ALD
has been used to deposit thin films of YSZ electrolyte in an effort to
reduce the ion exchange distance. By manipulating the Y,03:ZrO,
ratio in ALD super cycles, the composition of the resulting YSZ
films can be controlled to provide superior surface exchange and
transport properties. Finally, this review showcased emerging
high-k dielectric materials, for which ALD has been used to deposit
new materials such as Al doped TiO,, LaLuOs3, Hf; ,Zr,O,, StTRuO3,
and HfTiO,. Also, as transistors have evolved, traditional high-k
dielectric ALD procedures, such as that for HfO,, have been
incorporated for use with FinFETs, providing a uniform and con-
formal coating on the fin.

As these devices continue to develop, a general emerging trend
is the shift from traditional two dimensional planar devices to
highly ordered three dimensional structures, often to maximize
surface areas and densities to improve the device efficiency. As
researchers push the envelope for these smaller complex struc-
tures, the demand for precise deposition techniques has never
been higher, leading the way for ALD to play an integral role in
further device development. With newer technologies like spatial
ALD, which allows for faster deposition speeds, and commercially
available ALD reactors, the presence of ALD in manufacturing will
continue to increase as more materials systems are developed. As
the number of ALD systems grows, look for ALD to expand not
only in the industries reviewed in this article, but into newer,
novel applications such as the medical industry, used for example,
in functionalized pharmaceuticals or implanted detectors, and
tribology, used for example to create super durable coatings on
various surfaces, as well as many others that can benefit from its
unique and precise control over thickness, composition, and
conformality.
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