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A B S T R A C T

In this article the current methodologies for low-temperature thin film deposition in microelectronics are re-
viewed. The paper discusses the high temperature processes in microchip manufacturing and describes the
thermal budget fitting issue. The quest for low temperature deposition techniques is motivated in the perspective
of contemporary trends in microchip technology such as 3D integration and the ending miniaturization. Reduced
temperature depositions tend to deliver lower quality films. This is illustrated with the relation between de-
position temperature and thin dielectric film quality (dielectric strength). Existing and emerging technologies for
low-temperature thin film deposition are reviewed with an emphasis on their applicability in microelectronic
fabrication.

1. Introduction

Microchip (integrated-circuit) fabrication has developed very ra-
pidly since its inception in the late 1950s [1–3]. Propelled by the Digital
Revolution, the global semiconductor industry today reaches annual
sales close to 400 billion USD. Given the typical 15% R&D expenditure
level of semiconductor companies in combination with their overall
size, is it only to be expected that developments go fast and will con-
tinue to do so in the years to come.

While miniaturization long provided the heartbeat for innovation
since the 1960s [4], the conventional lateral downsizing of components
has today reached its limits [5]. Still, the demand for microchip in-
novation is all but diminishing. This leads to a broad search for im-
provements other than scaling [6]. The new paradigm for com-
plementary metal-oxide-semiconductor (CMOS) and memory chips is
called “equivalent scaling”: rather than physically miniaturizing the
transistor, new materials and architectures are introduced to obtain the
same performance benefits that lateral scaling used to bring [7]. This
goes hand in hand with the renewed exploitation of the third dimen-
sion. Both for memories and digital logic, three-dimensional circuitry is
rapidly being developed and brought to the market [8–10].

These developments pose several challenges to the involved mate-
rials scientists. First of all, the introduction of a new material into a
microchip requires more than a successful thin film deposition. Good
step coverage, in other words, conformal deposition is often a necessity,
as high aspect ratio structures need to be coated; and the film needs to
be patterned, requiring suitable etching processes. In addition, a thor-
ough qualification must be carried out in order to safeguard the mi-
crochip's functioning and reliability. Novel materials may introduce

new and unexpected reliability concerns that should be well understood
and contained before mass production commences. In some cases,
driven by commercial ambitions or changing legislation, market in-
troductions appeared too early. For instance, the introduction of low-
permittivity intermetal dielectrics and lead-free solder proved much
more challenging than anticipated because of yield and reliability issues
[11–13].

Another challenge can be described as “thermal budget fitting”.
Each thin film has a typical deposition temperature and a certain
thermal tolerance once deposited. The more films are stacked on top of
each other, the more difficult it becomes to maintain the integrity of the
already fabricated part, unless one gradually lowers the fabrication
temperature. Indeed this is how microchips and many other planar-
technology devices are made. Between the formation of the silicon
substrate at 1414 °C and the final soldering of the chip onto a printed
circuit board around 250 °C, the maximum temperature decreases as
more and more layers are added to the substrate surface. This is illu-
strated in Fig. 1, and further discussed in Section 2.

The order of manufacturing steps, as well as the choice of materials,
is often determined by thermal budget fitting considerations. One ex-
ample is the replacement of aluminum by polysilicon for MOS transistor
gates around 1970, enabling high temperature source/drain annealing
after the formation of the gate [14]. Only in the most advanced CMOS
generations metal gates were reintroduced, at the expense of complex
replacement-gate procedures. Another example is the formation of
(high-temperature) field isolation before the creation of transistors and
diodes [14].

Several trends in microchip fabrication, most prominently the 3D
integration mentioned above, demand the deposition of high-quality
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conformal thin films at reduced temperatures. This article reviews the
technological options for lower-temperature depositions in microelec-
tronics. Here, conventional (thermal) chemical vapor deposition is
taken as the starting point, as this is the traditional technology of choice
in this application.

Section 2 of this article will further motivate the pursuit of low-
temperature deposition techniques in the context of microfabrication.
Section 3 treats six “cool” approaches for energy supply in order to
control the formation of a good quality thin film. Section 4 concludes
this article.

2. Deposition temperature: high or low?

Integrated circuits make use of thin films with the highest quality in
terms of chemical composition, uniformity, defect density and electrical
performance. Besides these properties, a thin film must adhere well and
should not affect its surrounding layers by process induced damage or
mechanical stress. Relatively expensive fabrication processes such as
chemical vapor deposition, atomic layer deposition (ALD), deep-

submicrometer lithography (including double patterning), plasma
etching and chemical mechanical polishing are commonly applied in
circuit fabrication. The economic value per unit mass of completed
microchips exceeds that of pure gold and therefore, in comparison to
most thin film applications, the priority is production yield before
process cost.

High temperature process steps are common in integrated circuit
manufacturing (cf. Fig. 1). These steps serve various purposes [15]: to
activate impurities (dopants), repair lattice damage, deposit or densify
materials; and to initiate reactions, mostly oxidation and silicidation.
Impurity activation and lattice repair require temperatures of
900–1050 °C in silicon. Material depositions in integrated circuit pro-
cesses typically take place at 600–850 °C (low-pressure chemical vapor
deposition (CVD)), 300–400 °C (plasma-enhanced CVD) or close to
room temperature (sputtering). A temperature between 700 and
1050 °C is used for oxidation of silicon. Silicidation is the reaction be-
tween a metal and silicon, carried out to form the electrically con-
ducting interface between the semiconductor and the interconnect at a
typical temperature up to 700 °C.

Microchip fabrication comprises several hundred process steps di-
vided into several phases (depicted in Fig. 1). In every subsequent phase
of this processing sequence, the maximum temperature goes down in
order to maintain the chip's integrity. After the transistor fabrication
phase, diffusion of impurities must be restricted. Once metallization is
present on the chip, one should remain well below the metal melting
temperature(s). After metallization and post-metal anneal, the hy-
drogen passivation of the silicon surface should remain intact. And after
the final phase of soldering, the solder melting temperature should not
be exceeded. The stack of layers in a microchip therefore goes “from hot
to cold”, as depicted in Fig. 2. The use temperature range of integrated
circuits spans from –40 °C to 150–175 °C. This also indicates a practical
minimum temperature for the processing; there is no necessity to re-
duce the chip manufacturing temperatures below the maximum use
temperature of 150–175 °C from a functional point of view.

The above considerations already indicate that lower temperature
processes are preferred for process integration. Thermal budget fitting
is easier if process steps are conducted at lower temperatures (and in
shorter time spans). To fit all process steps of an envisaged microchip
within a given budget of thermal excursions becomes more difficult
when more layers (hence more process steps) are involved. This is the
case in V-NAND FLASH memories where 32 to 64 stories of memory

Fig. 1. Temperature excursions over time during the manufacturing process of a micro-
chip and its functional life. First, wafers are manufactured at the silicon melting point;
then follows field isolation and transistor fabrication (a stage known as front-end-of-line,
or FEOL) at ~1000 °C. Silicidation takes place at a typical temperature of 500–700 °C
depending on the reacting metal. The formation of the interconnections (back-end-of-line,
BEOL) occurs at ~400 °C maximum. The chip is then packaged and soldered, after which
the functional life commences, with uncertain thermal excursions.

Fig. 2. Cross-section sketch of a silicon microchip, in-
dicating the main production stages (as described in the
caption of Fig. 1) and the related temperature limits.
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cells are vertically stacked [10] and also for instance in 3D sequential
integration [16]. Besides the thermal budget fitting, additional benefits
of low temperature processing include the following:

• Less diffusion, therefore more compact devices can be made;

• Less thermal expansion issues (stress, cracking, delamination);

• More materials can be applied.

The latter point is of particular interest, because some planar
technologies rely on materials with a low melting point or decom-
position temperature, such as phase-change materials, InP and flexible
substrates (polymer foils in particular). In such cases, all process steps
are low-temperature. However, even at these lower temperatures,
thermal budget fitting is still part of the process integration puzzle.

Reducing the deposition temperature of thin films however tends to
go at the expense of growth rate and film quality. Growth rate has
progressively lost importance in integrated circuit manufacturing be-
cause of miniaturization; deposition rates below 1 nm/min are nowa-
days acceptable for some parts of the microchip. Film quality is how-
ever a critical concern. Many studies in literature report the dependence
of film quality on the deposition temperature, see e.g. [17–26]; and for
each case, an optimum temperature is found (as can be expected). In
Fig. 3, this is illustrated by summarizing several studies of one aspect of
film quality, the dielectric strength, of an insulating film as a function of
the deposition temperature.

At the low end of the temperature range, deposition experiments are
often limited by the low growth rate; or by the undesired formation of a
different species or crystallinity. At the highest deposition tempera-
tures, the used equipment often limits the temperature. It may also
occur that precursors become unstable at high temperatures, leading to
premature decomposition in the reactor. In spite of these experimental
boundary conditions, several articles in literature describe the effect of
the deposition temperature on a material's dielectric strength over quite
a wide range of temperatures, as expressed in Fig. 3.

The figure first of all illustrates that dielectric strength is normally
dependent on the deposition temperature. The most common trend
visible in this figure is that lower deposition temperatures yield lower
dielectric strength. This is attributed to various root causes. The che-
mical bonds in the material, its density and/or its stoichiometry may be
affected by the deposition temperature, to name a few. One could create
similar Figures for other material properties, such as hardness, density,
hysteresis or optical absorption; however, this is beyond the scope of
the present article.

As the same figure indicates, some studies show a maximum di-
electric strength at a certain temperature within the studied range,
while others conclude that either the lowest or the highest studied
temperature yields the highest dielectric strength. Arguably, there must
be an optimum temperature for maximum dielectric strength for each
choice of deposition method and precursors.

These studies show that the optimum temperature depends not only
on the deposited material but also on the chosen deposition technique
and the used precursors. This deposition technique dependence moti-
vates the systematic search for depositions that produce high-quality
thin films at relatively low temperatures. The most investigated low-
temperature approaches are described and reviewed in the next section.

3. Low-temperature deposition approaches

Deposition of a good-quality film requires the correct ratio of ele-
ments (stoichiometry), the formation of strong chemical bonds and a
high packing density of atoms; the constituents should have reacted
fully and formed the thermodynamically stable crystalline form.
Further, the best layer thickness uniformity is obtained with layer-by-
layer-growth [27]. To achieve this, typically one provides gaseous
precursor molecules that physisorb to the substrate and diffuse over the
surface, then to chemically react. High temperatures can be instru-
mental in each stage. The transport of gaseous molecules towards the
substrate surface (in case of diffusive transport in the gas phase), the
diffusion over the surface and the chemical reaction all require thermal
energy. The latter two steps determine the consistency of the thin film
to a large extent.

Low-temperature deposition methods typically use other means
than a high temperature to locally supply energy to enable surface
diffusion and reaction. In the following, we will distinguish two types of
approaches: one involves a local supply of energy at the substrate
surface. The second approach provides highly reactive molecules or
radicals instead of thermally stable precursors. These low-temperature
approaches are further treated in the next two subsections.

3.1. Substrate surface heating approaches

In the sputtering deposition method, material is transported from a
target to the substrate in a high vacuum. Depending on the process
parameters, atoms, radicals and/or ions may reach the substrate with
high kinetic energy. Given the supply of energy and the high deposition
rate, the surface heating can be considerable. The released heat-of-
condensation adds to that, yielding surface temperatures up to ~100°
above the substrate temperature [15]. Sputtering ploughs into the
upper few nanometers of the substrate surface. This leads to good ad-
hesion on one hand, but a downside is that a damaged, mixed layer
forms under the interface. As a consequence, this method can only be
applied on top of non-critical layers.

Sputtering has found wide application in coating and micro-
fabrication, in particular for metallic films. But as we miniaturize de-
vices more and more, interfaces inside a device and their surrounding
few nanometers become more and more significant for the device
properties. Therefore more gentle deposition methods are favored. This
is especially relevant at the interface between metal and insulator, e.g.
for metal gates [28] and copper barriers in the microchip (see e.g.
[29]).

The jet vapor deposition (or gas jet deposition) process [30,31] is
another technique that supplies kinetic energy to precursor molecules
before they reach the substrate. An ultrasonic jet is produced by a
pressure difference over a nozzle and focused towards the substrate.
Uniform coatings over larger areas are produced by mechanically
scanning the nozzle over the surface. At impact, the kinetic energy may
lead to decomposition of the precursor molecule and local heating, or at
least the mobility of the surface atoms is enhanced by this bombard-
ment. Compared to sputtering, jet vapor deposition delivers a lower

Fig. 3. Dielectric strength of thin-film insulators as a function of their temperature of
deposition. The figure combines results obtained by chemical vapor deposition (Al2O3

[17] and BaxSr1−xTiO3 [22]), defocused-laser CVD (Si3N4 [18]), photo-CVD (SiO2 [19]),
plasma enhanced chemical vapor deposition (Ta2O5 [20], SiO2 [21], SiNx with three
different precursor combinations [23,26] and SiOC:H [24]) and rf sputtering (BCN, or
perhaps BCxNy [25]). The shown dielectric strengths are not per se the highest reported in
literature; these data sets are chosen for the reported deposition temperature de-
pendencies.
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deposition rate at a higher pressure; the kinetic energy is orders of
magnitude lower. Both physical and chemical vapor deposition results
are published. Among others, excellent-quality thin films of SiO2 and
Si3N4 were deposited on flat substrates with this technique [30,31].

Illumination can also locally provide energy at the surface. In the
laser CVD approach, a wavelength with low absorption in the gas is
chosen to irradiate the substrate, either in a focused spot or unfocused
[18,20]. By scanning a focused light beam, laser CVD can create pat-
terned depositions without the need for lithography. Allen reports the
successful deposition of Ni, TiO2 and TiC [32]. In subsequent works,
authors commonly report the deposition of metals using this approach
[33]. Given the focused laser beam, the deposit is severely non-uniform
in thickness (see e.g. [33–35]). When a pulsed laser is used, the non-
uniformity is further enhanced. This inherent film non-uniformity limits
the application potential of laser CVD in microelectronic fabrication. It
does find application in circuit edits and reticle repair [33]. Using un-
focused laser light, layer thickness uniformities around 4% are reported
[18].

Sputtering, jet vapor deposition and laser CVD are highly directional
by nature. This directionality cannot be circumvented easily. Its detri-
mental effects can only be partially overcome by wafer rotation and
tilting. The step coverage is therefore poor; conformal growth cannot be
achieved with these techniques.

3.2. Highly reactive molecules or radicals

Plasma-enhanced chemical vapor deposition (PECVD), with sput-
tering, is the most employed low-temperature thin film deposition
technique in integrated circuit manufacturing. It is commonly applied
to deposit dielectric films in the back-end-of-line stage. The con-
formality of films deposited with PECVD is limited, as is the dielectric
strength [15]. (Some implementations such as high density plasma CVD
achieve reasonable conformality.) The density of PECVD films is com-
monly low; sometimes layers are porous. Annealing leads to densifi-
cation of the deposited film, but this requires an additional thermal step
that may not fit within the thermal budget constraints. It should be
noted that when the substrate is directly exposed to the PECVD plasma,
bombardment of the surface can occur and surface heating phenomena
as described in the previous subsection take place. Remote plasma
processing avoids such circumstances.

Atomic layer deposition (ALD) is a special form of chemical vapor
deposition. Alternating precursors form self-limiting “atomic layer”
deposits on the wafer in this technique. In recent years, plasma-assisted
atomic layer deposition (PAALD) has also successfully entered the in-
tegrated circuit manufacturing arena. Whereas conventional (thermal)
ALD is most commonly employed to form materials composed of two
elements, such as metal oxides and metal nitrides, PAALD allows for the
deposition of elemental materials, in particular noble metals, such as Pt,
Ru and Pd [36] as well as Si, Ge [37] and Al [38].

As with PECVD versus CVD, the conformality of the deposition is
normally compromised when plasma assisted processes are employed in
atomic layer deposition [39]. Further, the plasma provides more than
only the reactive radical wanted for the deposition process. Other
molecules, radicals, ions as well as electrons and photons are also
produced. Upon reaching the substrate surface these may influence the
growth and material quality.

A clean supply composed only of the desired reactive molecule
would lead to a better quality film. This motivates research on more
gentle manners of precursor decomposition in the gas phase. The ap-
proach can be generally termed as “radical-enhanced” CVD and ALD
[37]. The mostly investigated techniques are photo-CVD (see e.g. [40]
for a review) and hot-wire assisted CVD and ALD, as recently reviewed
in [41,42] respectively. Photo-CVD makes use of an ultraviolet lamp
that irradiates the precursor gases. Gases such as SiH4, O2 and N2O will
decompose into neutral radicals upon photon absorption. More gen-
erally, photochemical activation of a precursor molecule precedes its

encounter with the substrate surface. With this technique, thin films can
be deposited close to room temperature [43,44]. Compared to PECVD,
this goes at the expense of deposition rate. However both the film
quality and the conformality of photo-CVD layers are better. Photo-CVD
is commonly used for nanoparticle coating [40], an application where
the deposition rate is not a critical concern.

For hot-wire assisted CVD and ALD a heated filament, in most cases
a tungsten or tantalum wire heated by electrical current, is used to
crack precursor molecules before their encounter with the substrate.
The hot-wire CVD method draws interest for its capability to deposit
good quality hydrogenated amorphous silicon thin films at a high de-
position rate, attractive for the production of thin-film photovoltaic
cells. It also finds application in other fields such as CVD-diamond and
polymer deposition [41]. CVD with hot wires can reach appreciable
deposition rates well over 10 nm/s, in particular when the wire is po-
sitioned close (a few cm) to the substrate surface. This may come hand
in hand with the unwanted effect of (local) substrate heating [45].

For atomic layer deposition with a hot wire, a distinctly different
reactor geometry is needed. The hot wire must be remote from the
substrate, as normally only one of the two ALD precursors should be
exposed to the hot wire surface, whereas the other should not.
Inherently, the deposition rates with such an approach will be a few
nanometres per minute at best. Recent publications report the growth
of pure, low-ohmic tungsten films with this technique [42].

3.3. Discussion

The techniques presented in Section 3.1 that provide energy to the
substrate surface yield films of high quality at low substrate tempera-
tures. They exhibit directionality, caused by the use of some kind of
beam. Therefore conformal depositions are impossible in such ar-
rangements. Sputtered metal films have excellent properties compar-
able to bulk materials. Good uniformity and layer thickness control can
be achieved. Jet vapor deposition yields good-quality dielectric films at
temperatures lower than PECVD [46], as well as metal layers. In spite of
the fact that the jet nozzle must scan the surface for a uniform de-
position, high deposition rates over a micrometer per minute were re-
ported on several hundred cm2 substrates [31].

To grow conformal films from the gas phase a different approach is
however necessary, as the techniques of Section 3.1 are directional in
nature. To facilitate conformal growth at low temperatures, the gas
should contain highly reactive species with long lifetimes so as to avoid
depletion and recombination effects. Several techniques are available
for their formation. While plasmas provide high densities of reactive
species, they cannot selectively provide the right radical needed for the
deposition. Photo-CVD, especially with the use of specifically chosen
wavelengths, and hot-wire CVD can provide a cleaner supply of re-
actants. When such precursors are used in an atomic layer deposition
system, the requirement of a long lifetime is complicating. As two
precursors should remain separated in space or time, this implies that
the source of the reactive species is better placed further away from the
substrate. Both with remote plasmas and with a remotely placed hot
wire, this approach has proven successful for various materials, in
particular elemental metals [37,42].

Table 1 provides a condensed overview of the deposition techniques
treated in this article. The table lists the selection criteria most relevant
to IC production. For completeness, spin coating is also mentioned al-
though it was not treated earlier in this article. This technique is mainly
used for photoresist and primer application. In older IC technologies
(developed until the 1990s), SiO2 and P- and B-doped silicon dioxide
were also spin-coated (termed spin-on-glass [15]). A curing step is used
to remove the solvent after spin coating and to initiate chemical reac-
tions. The curing is sometimes followed by a densification anneal.
These treatments normally determine the thermal budget of spin
coating. The step coverage is inherently poor; but spin coating does lead
to planarization.
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To illustrate the qualitative information in the table, typical de-
position temperatures and growth rates are listed for the specific case of
Si3N4. Other materials may be deposited at different temperatures de-
pending on the chemistry involved; yet, in relative terms the perfor-
mance comparison between techniques remains similar.

4. Conclusions

Innovations in microchip manufacturing rely more and more on the
development of new, high-quality thin films deposited at relatively low
temperatures. As the layer thicknesses amount to only a few nan-
ometers and the commercial value of the produced chips is high, the
process cost and deposition rate can be traded in to benefit uniformity,
defect density and electrical performance.

Developments in integrated circuit architecture, in particular 3D
approaches, call for a reduction of the peak temperature of process
steps. To maintain a good quality and to deposit conformally are the
key challenges. Of the techniques discussed in this article, radical-en-
hanced atomic layer deposition sticks out as the best performing along
those criteria.
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