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ABSTRACT

The requirements of the consumer market on high frequency devices have been more and more
demanding over the last decades. Thus, a continuing enhancement of the devices’ performance is
required in order to meet these demands. In a macro view, changing the design of the device can
result in an improvement of its performance. In a micro view, the physical properties of the
device materials have a strong influence on its final performance. In the case of high frequency
devices based on piezoelectric materials, a natural way to improve their performance is through
the improvement of the properties of the piezoelectric layer. The piezoelectric material studied in
this work is AIN, which is an outstanding material among other piezoelectric materials due to its
unique combination of material properties.

This thesis presents results from experimental studies on the synthesis of AIN thin films in view
of telecom, microelectronic and sensor applications. The main objective of the thesis is to custom
design the functional properties of AIN to best suit these for the specific application in mind. This
is achieved through careful control of the crystallographic structure and texture as well as film
composition.

The piezoelectric properties of AIN films were enhanced by doping with Sc. Films with different
Sc concentrations were fabricated and analyzed, and the coupling coefficient (k%) was enhanced a
factor of two by adding 15 % of Sc to the AIN films. The enhancement of k¢ is of interest since it
can contribute to a more relaxed design of high frequency devices. Further, in order to obtain
better deposition control of c-axis tilted AIN films, a new experimental setup were proposed.
When this novel setup was used, films with well-defined thicknesses and tilt uniformity were
achieved. Films with such characteristics are very favorable to use in sensors based on
electroacoustic devices operating in viscous media. Studies were also performed in order to
obtain c-axis oriented AIN films deposited directly on Si substrates at reduced temperatures. The
deposition technique used was HiPIMS, and the results indicated significant improvements in the

film texture when comparing to the conventional Pulsed DC deposition process.

Keywords: Aluminum nitride. Reactive sputtering. C-axis oriented films. Tilted films.
Electroacoustic devices. Piezoelectric materials. Aluminum scandium nitride. HiPIMS, High-k

dielectric.
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RESUMO

Os requisitos do mercado consumidor de dispositivos de alta frequéncia t€m sido cada vez mais
exigentes nas dltimas décadas. Assim, é necessdria uma melhoria continua no desempenho dos
dispositivos a fim de atender a estes requisitos. Numa visdo macro, alteracdes no desenho dos
dispositivos podem resultar em melhoria de desempenho. Em uma visdo micro, as propriedades
fisicas dos materiais que compdem os dispositivos tém uma forte influéncia no desempenho final
dos mesmos. No caso de dispositivos de alta frequéncia baseados em materiais piezoelétricos,
uma forma natural de melhorar o seu desempenho € através da melhoria das propriedades da
camada piezoelétrica. O material piezoelétrico estudado neste trabalho € o Nitreto de Aluminio
(AIN), o qual destaca-se entre outros materiais piezoelétricos devido a sua combinag@o unica de
propriedades.

Esta tese apresenta o resultado de estudos experimentais na sintese de filmes finos de AIN tendo
em vista aplicacdes em altas frequéncias, microeletronica e sensores. O principal objetivo desta
tese é a melhoria nas propriedades funcionais do AIN para melhor atender aos requisitos das
aplicacdes em questdo. Isto € obtido através do controle cuidadoso da estrutura, textura
cristalografica e composicao do filme.

As propriedades piezoelétricas dos filmes de AIN foram melhoradas através da dopagem dos
filmes com Sc. Amostras com diferentes concentragdes de Sc foram fabricadas e analisadas, e o
valor do coeficiente de acoplamento eletromagnético (k¢*) foi duplicado ao adicionar 15 % de Sc
aos filmes de AIN. O aumento no valor de ki é desejdvel uma vez que pode diminuir as
restri¢des no projeto de dispositivos de alta frequéncia. Neste trabalho € proposta também uma
nova configuragdo experimental com o objetivo de obter um melhor controle na deposicao de
filmes de AIN inclinados no eixo-c. Filmes com uniformidade em espessura e inclinagdo foram
obtidos ao utilizar-se a referida configuracdo experimental. Filmes com tais caracteristicas sdao
aplicdveis em sensores baseados em dispositivos eletroacusticos operando em meio
liquido/viscoso. Foram também realizados estudos com o objetivo de obter filmes de AIN
orientados no eixo-c e depositados diretamente sobre substratos de Si e a temperaturas reduzidas.
A técnica de deposigdo utilizada foi HiIPIMS e os resultados indicam melhorias significativas na
textura dos filmes quando comparados com o processo de deposi¢do convencional por corrente-

direta pulsada.



Palavras-chave: Nitreto de aluminio. Pulverizacio catddica reativa. Filmes orientados no eixo-c.
Filmes inclinados. Dispositivos eletroacusticos. Materiais piezoelétricos. Nitreto de aluminio

escandio. HiPIMS. Alto-k dielétrico.
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SAMMANFATTNING

Kraven i konsumentledet pa hogfrekvenskomponenter har 6kat de senaste decennierna. Darfor
krivs en konstant forbittrad prestanda i dessa komponenter for att mota dessa krav. Ett
angreppssitt pa makroniva kan vara forandrad komponentdesign. P4 mikroniva kan fordndringar
1 de fysikaliska egenskaperna i komponenters material ge betydande forbittringar i prestanda.
Vad giller hogfrekvenskomponenter baserade pa piezoelektriska material sa dr ett naturligt sétt
att 0ka prestandan genom att forbittra egenskaperna 1 det piezoelektriska lagret. I mitt arbete har
jag studerat AIN, vilket #r ett utméirkt piezoelektriskt material beroende pa dess goda
kombination av fysikaliska egenskaper.

Dena avhandling presenterar resultat fran experimentella studier av syntes av tunna filmer med
avseende pa tillampningar inom telekommunikation, mikroelektronik och sensorer. Huvudsparet i
avhandlingen ir att skriddarsy de materiella egenskaperna hos AIN baserat pa respektive
tillampnings specifika behov. Detta uppnas genom noggrann styrning av kristallografisk struktur
och textur, likvil som tunnfilmens materiella sammanséttning.

De piezoelektriska egenskaperna hos AlN-baserad tunnfilm forbéttrades genom att dopa filmen
med Sc. Tunnfilm med olika koncentration av Sc skapades och analyserades. Kopplingsfaktorn
(k) forbittrades med en faktor tvd genom att dopa AIN-tunnfilm med femton procent Sc.
Forbittringen av kopplingsfaktorn &r intressant eftersom det bidrar till att designen av
komponenter inte ldngre lider av lika stora begriansningar avseende effektforbrukning, ytméssig
storlek med mera. For att uppna bittre kontroll av den vertikala kristallografiska axeln i lutad
AlN-baserad tunnfilm sa experimenterades det med en ny typ av avsittningsprocess. Nir denna
nya process anvindes sa uppnaddes tunnfilm med bade jaimn tjocklek och jimn kristallografisk
lutning. Tunnfilm med dessa egenskaper anvinds med fordel i elektroakustiska sensorer som
skall anvédndas i viskds miljo.

Vidare sa genomférdes studier for att uppna AIN-baserad tunnfilm med vertikal kristallografisk
axel ddr avsittning skedde direkt pa kiselbaserade substrat vid ldgre temperatur @n normalt.
Avsittningsprocessen som anvindes hér var baserad pa HiPIMS. Resultaten tyder pa avsevirda
forbittringar 1 tunnfilmens struktur, i en jimforelse med en ordinarie avsittningsprocess baserad

pa Pulsed DC.



xii

Nyckelord: Aluminiumnitrid. Reaktiv sputtring. Linjering ldngs c-axeln. Film med vinklad
struktur. Elektroakustiska anordningar. Piezoelektriska material. Aluminium-Scandium-nitrid.

HiPIMS. Hog dielektricitetskonstant.
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1 INTRODUCTION

The requirements of the consumer market of high frequency devices, such as resonators
and filters, have been more and more demanding over the last decades. Thus, a continuing
enhancement of the devices’ performance is required in order to meet these demands. In a macro
view, changes in the design of the device can result in an improvement of its performance. In a
micro view, the physical properties of the device materials also have a strong influence on its
final performance. In the case of high frequency devices based on piezoelectric materials, a
natural way to improve their performance is through the improvement of the properties of the
piezoelectric layer.

This thesis summary presents the results from experimental studies on the synthesis of
Aluminum Nitride (AIN) thin films in view of telecom, microelectronic and sensor applications.
Thus, the main objective of this thesis is to custom design the functional properties of AIN to best
suit these for the specific application in mind. This is achieved through careful control of the
crystallographic structure and texture as well as film composition. Foremost, why is AIN the
material of choice for this work?

AIN is a well-known and established compound among other piezoelectric materials. It is
an III-V compound semiconductor with hexagonal wurtzite structure and unique electronic
properties such as [1-5]:

e Wide bandgap (6.2 €V),

e High thermal conductivity (2 W.(cm.K)!, comparable to pure Al),

e High electrical resistivity (1 x 10'® Q.cm), and

e  High resistance to breakdown voltage (5 x 10° V/cm).

Moreover, AIN is also an interesting material due to its piezoelectric and electroacoustic
properties, for instance [2-4, 6, 7]:

e  High quality factor (around 3000 at 2 GHz for bulk acoustic wave devices (BAW)),

e  Moderate coupling coefficient (6.5% for BAW),

e  Moderate piezoelectric constant (e33, 1.55 C/m?),

e High acoustic velocity (11300 m/s for BAW), and

e Low propagation losses.



Besides its intrinsic characteristics, AIN thin films are chemically stable and compatible
with the IC-fabrication technology. The combination of all these properties makes AIN one of the
most used piezoelectric materials for the fabrication of electroacoustic devices, e.g. thin film
BAW bandpass filters.

Molecular beam epitaxy (MBE) [8, 9], chemical vapour deposition (CVD) [10-12] and
sputtering [1-4, 13-15] are some of the techniques commonly used to grow AIN films. The choice
of the deposition technique is defined by the specific application. Noteworthy, MBE and CVD
require high deposition temperatures, making them incompatible with the fabrication of
electroacoustic devices. In this sense, sputter-deposition of AIN films is a suitable choice for the
fabrication of these devices since it requires relatively low deposition temperatures.

Some advantages of the reactive sputtering technique compared to other deposition
techniques are high deposition rates, excellent texture control and film uniformity. AIN thin films
can be deposited by means of several variants of the sputtering technique such as:

e High power impulse magnetron (HiPIMS) [16, 17],

e Direct current (DC) magnetron [1, 3, 16],

e Pulsed DC magnetron [4, 17], and

e Radio frequency (RF) magnetron [14, 18].

The sputtering methods used in this work are DC, Pulsed DC and HiPIMS.

The properties of the piezoelectric layer define the performance of the electroacoustic
device, since these properties impact directly on the electroacoustic properties (insertion loss,
coupling coefficient, quality factor, bandwidth, dielectric constant, etc.). Therefore, a careful
control of the process deposition conditions is a requirement for the growth of highly textured (c-
axis oriented) AIN films (Figure 1.1).

One way to evaluate the texture of c-axis oriented AIN film is by the analysis of the
rocking curve of its (002) X-ray diffraction (XRD) peak. The better the orientation of the film,
the smaller the full width at half maximum (FWHM) of the (002) peak, thus indicating better
alignment of the c-axis of the individual grains with the surface normal.

The electromechanical coupling, which is a measure of the conversion efficiency between

electric and mechanical energy, is highest for longitudinal deformation along the c-axis of

! Also known as HPPMS (high power pulsed magnetron sputtering).



wurtzite AIN. Noting that modern telecom applications require large bandwidths and that the
bandwidth is proportional to the electromechanical coupling, it transpires that films with
excellent c-texture are needed for such applications. Consequently, most commercial telecom
devices make use of longitudinal bulk waves propagating along the c-axis. Electrical excitation is
effected by an electric field also parallel to the c-axis (along the film thickness) for which reason
such devices are said to make use of thickness excited longitudinal bulk waves. The term
longitudinal denotes the direction of the particle displacement which is parallel to the wave

vector as illustrated in Figure 1.2.
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Figure 1.1 - C-axis oriented AIN film deposited by Pulsed DC on top of a Mo layer.

(b) . :
@ Direction of particle motion
R N
Direction of longitudinal wave propagation

Figure 1.2 - One dimensional representation of particle displacement in a medium (a) without any wave motion, and
(b) with longitudinal wave propagation.



As indicated above, the primary use of the electroacoustic technology is its application in
the telecom field (oscillators, filters, delay lines, and so on). However, there has been a growing
use of thin film electroacoustic devices in sensing applications. This is due to their higher
sensitivity, resolution as well as reliability when comparing with other type of sensors [19]. In the
past few years thin film electroacoustic based sensors have been reported, for instance, pressure
sensors [19, 20], gravimetric sensors [20], temperature sensors [19], gas flow sensors [21, 22] and
biosensors [22-25].

Notwithstanding, the use of the thin film electroacoustic technology for sensors is not
straightforward, particularly for sensors operating in liquid/viscous media, e.g. chemical and
biochemical sensors. This is due to the fact that longitudinal and surface waves exhibit a
considerable acoustic leakage into liquid/viscous media, ergo resulting in a loss of sensor
resolution. To this end, shear wave resonators are employed since shear waves do not propagate
in liquids and hence exhibit considerably lower acoustic losses in such media. Unfortunately, the
piezoelectric constants of AIN are such that electrical excitation of shear waves is only effected
by an electric field having a non-zero angle with the c-axis. More specifically, when this angle is
0 = 90° (i.e. a-textured films) the mode is pure shear (Figure 1.3). In the case where 0 is smaller
than 90° the mode excited is quasi-shear, that is, it has one shear and one longitudinal
components. The latter declines rapidly with 6 and hence at angles larger, say, than 20° the
longitudinal excitation is negligible and hence the acoustic leakage associated with the
longitudinal component is also negligible. Ideally, one would like to use the pure shear mode, but
the technological difficulties associated with growing unipolar a-textured films render this
approach impractical. For this reason, focus has shifted towards the synthesis of textured AIN
films with a tilted c-axis (Figure 1.4) which in turn allows thickness excitation of quasi-shear
waves. This thesis studies both the nucleation and growth mechanisms that allow the synthesis of
thin AIN films with a tilted c-axis in view of shear wave electroacoustic sensors.

The above two examples illustrate how desired functional (electroacoustic and dielectric)
properties are achieved through control of both the crystallographic structure and texture of the
films. Another area of study in this thesis is enhancing the functional properties of AIN through
compositional changes. To this end, recent studies demonstrate improvement of various
electroacoustic and piezoelectric properties of AIN films by doping these films with metalloids,

such as B [26-28], and transition metals, like Ti [29], Sc [30, 31], Y [32], Cr [33, 34] and Ta [35].



Thus, in this thesis we demonstrate for the first time the potential of highly c-textured thin AIScN
films for wideband telecom applications. This, along with other works in the thesis, represent a
third area of studies where the enhanced functional properties of the films thus synthesized are
demonstrated experimentally through the fabrication of specific devices and components, which

are subsequently characterized electrically, and thus complete the cycle of the research.

(b)
N H ‘ H ” H H Direction
‘ ‘ | ‘ of particle
«—>
Direction of shear wave propagation

Figure 1.3 - One dimensional representation of particle displacement in a medium (a) without any wave motion, and
(b) with shear thickness wave propagation.

Figure 1.4 - C-axis tilted AIN film deposited by Pulsed DC on Si substrate.

In the following chapters, a brief background about the underlying concepts will be
presented followed by a description of the experimental procedures adopted. Subsequently, the
main results of the research will be presented and discussed, along with a summary of the

included papers. Finally, the conclusions from the work are presented.






2 THEORETICAL BACKGROUND

As previously mentioned, the goal of this work is the improvement of AIN properties in
view of sensors and telecom applications. To this end, many different aspects of synthesis and
characterization of AIN films were studied. For instance:

e Enhancement of the piezoelectric properties of c-axis oriented AIN films by doping,

e Alternative approach to deposition of c-axis tilted AIN films,

e High-k AIN films,

e Fabrication of electroacoustic devices, and

e Improvement in the nucleation layer by the use of ion assisted sputter deposition

(HiPIMS).

Since this work includes various aspects related to AIN thin films, the purpose of this
chapter is to bring up the discussion by presenting a brief overview of the different topics
discussed in this summary. Furthermore, a literature review and the state-of-art of related

research are presented to some extent.

2.1  C-AXIS ORIENTED ALN

The electromechanical coupling coefficient ki is a numerical value that represents the
efficiency of piezoelectric materials to convert electrical into acoustic energy (and vice versa) for
a given acoustic mode. Therefore, the higher the k¢, the higher the electrical-acoustic energy
conversion. The piezoelectric response of wurtzite AIN is the integral effect of the individual
dipole contributions of all the grains comprising the film. Thus, a highly c-axis oriented film
yields a high k¢ coefficient since the grains will be aligned along the same direction,
collaborating then to the same sign to the piezoelectric response (Figure 2.1) [36].

Sputtered AIN films can grow in a crystalline or an amorphous phases, and furthermore
the crystalline films can grow in textured and non-textured ways [3]. One further peculiarity of
wurtzite AIN is that it is a polar material. In this context it is equally important that c-textured

films are in addition unidirectional in order to be piezoelectric. The Al atoms sputtered from the



Al target will react with the N atoms and ions present in the plasma, creating AIN clusters?. Thus,
a good control of the deposition parameters is crucial in order to obtain highly c-axis textured

films.

(a) (b)

Figure 2.1 - Schematic of the dipoles distribution along a piezoelectric net:(a) grains aligned in various directions,
and (b) grains aligned along the same direction.

In the case of sputtered films, some of the most important deposition parameters to
consider are: substrate temperature, processing pressure, Ar/N» flow rate, discharge power and
target-to-substrate distance. It is essential to provide the adatoms? with the right amount of energy
[6, 36]. To this end, the optimal balance between these deposition parameters must be achieved®.
Obviously, this balance varies for different experimental setups.

The mean free path’ (MFP) of a sputtered atom is given by

kgT

MFP = =" ey

where kg is the Boltzmann constant (~1.38x1072* J/K), T is the temperature (in Kelvin), d is the
diameter of the gas particles (in meters) and p is the pressure (in Pascals). As indicated by the

above equation, the MFP is influenced by both pressure and temperature. To further illustrate the

2 A cluster has an intermediate size between a single crystal and a bulk solid material.

3 Adatom is a non-absorbed atom lying on the crystal surface and that can migrate over it.

4 Other important parameters to consider are film thickness, substrate bias and deposition rate [6].
5> Mean free path is the average distance that an atom can move without colliding at another atom.


http://en.wikipedia.org/wiki/Joule
http://en.wikipedia.org/wiki/Kelvin

influence of pressure, the MFP of the sputtered Al atoms at a pressure of 20 mTorr is around 1
cm (at room temperature); on the other hand, the MFP is equivalent to 10 cm at a pressure of 2
mTorr [37].

At low gas pressures, the number of collisions and scattering by the gas molecules is also
low (larger MFP), which means that the atoms sputtered from the target will retain a significant
fraction of their initial kinetic energy when arriving at the substrate surface. This in turn favors
the growth of wurtzite structure of AIN [3] since this relatively high kinetic energy enhances the
adatom mobility, ergo making them diffuse over the surface [38] and eventually finding a low
energy lattice site. Noteworthy, the adatom mobility can also be enhanced by increased substrate
temperature.

The growth of c-axis textured films is dependent not only on the deposition conditions.
The substrate material and its crystallographic structure also play an important role in the film
growth. Thus, AIN films deposited on top of highly textured metal films having a hexagonal
surface symmetry show higher c-axis texture due to crystallographic similarity [39]. Besides, the
roughness of the bottom material should be considered since it can influence the adatom mobility
of sputtered AIN. Comparing films prepared under the same deposition conditions but on
materials with different roughness/smoothness, the adatom mobility is much higher on smooth
surfaces. Thus, in order to provide the same adatom mobility on rough surfaces, it is necessary to
improve the kinetic energy of the sputtered particles (by means of increasing the deposition
temperature, for example). Another important aspect of surface roughness is that nucleation of
AIN grains with the c-plane parallel to the surface is thermodynamically the most energetically
favorable. Hence, the FWHM of the rocking curve is proportional to the surface roughness, or in
other words high roughness results in a poor c-texture. This fact can also be used for the growth

of AIN films with a tilted c-axis as discussed next.

2.2  TILTED ALN

For some specific applications, such as biosensors based on the electroacoustic
technology and operating in liquid/viscous media, AIN films with a tilted c-axis are more suitable

than the c-axis oriented ones [22-25, 40]. Resonators using the shear wave mode are most suited
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for such applications due to the decrease of acoustic losses when comparing with the longitudinal

wave mode ones. The reason for this is that shear waves do not propagate in liquids and hence

acoustic leakage typical for longitudinal waves is totally eliminated when employing shear

waves. Unfortunately, shear waves cannot be excited in c-textured AIN films with an electric

field along the film thickness while lateral field excitation exhibits extremely low couplings.

Therefore, for thickness excitation of shear waves, films with a tilted c-axis are required.

There are a variety of methods available to deposit tilted AIN films. Some of them are

(see Figure 2.2):

1.
il.
1il.

1v.

Off-axis (or off-normal) deposition [41, 42],
Tilted substrate deposition [43, 44],
Tilted and off-centered target deposition [45, 46], and

Two-stage deposition process [40].

(a)

(b)

Substrate

1st step deposition
(seed layer)

2nd step deposition
(main layer — tilted film)

Figure 2.2 - Simplified schematic of different deposition setups for tilted films: (a) off-axis deposition, (b) tilted

substrate, (c) tilted and off-centered, and (d) two-stage deposition process.
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The three first methods require modifications in the standard setup of sputtering systems,
whereas the latter one does not require any additional hardware changes. The general concept of
these methods will be briefly discussed in here.

As in any sputter-deposition process, the deposition conditions strongly influence the
growth of tilted films. It is well established that the adatom mobility plays an important role in
obtaining highly textured films during sputter deposition [42, 44, 46-48]. Hence, in order to
create conditions favorable for the nucleation of non c-oriented grains, adatom mobility needs to
be suppressed. This is the reason the Uppsala deposition process consists of the following two
steps, as presented in Paper V. An initial thin and “non-textured” seed layer is grown (Figure 2.3)
by operating at relatively high process pressure and keeping the substrate at room temperature.
All this results in a complete thermalization of the sputtered atoms, and hence in operating the
deposition process in the diffusion limited regime. The resulting seed layer exhibits different
textures, most notably (103) and (002). Once the seed layer has been deposited, growth of the
film proceeds at low process pressures and elevated substrate temperature, both of which favor
good crystal growth. The succeeding film growth however has no chance to proceed differently
but to follow the crystallographic texture of the seed layer. In addition, the low pressure
deposition in combination with a small target-to-substrate distance also yield a directional
deposition flux. This results in competitive column growth, i.e., cones having the c-axis along the
direction of the deposition flux grow fastest. In turn, this results in a film with c-tilt lying in the

plane of the deposition flux at any given point on the substrate.

Figure 2.3 - Schematic of the nucleation layer with random crystal planes.

In the three first methods mentioned previously (i-iii), the tilted columns have a
preferential growth due to the alignment with the tilted flux. This is very similar to what occurs
during glancing angle deposition of sculptured thin films [49]. In the method (iv), the seed layer
has a (103) dominant population rather than a totally random film [40]. Even though there is no
intentional tilt of the flux, the magnetron disposition at the target generates a race track, which in

turn provides the tilted flux direction towards the substrate (see Figure 2.2d).
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2.3  DOPED ALN

The constantly increasing requirements for stringent specifications of the telecom market
requires continuous improvement in the performance of high frequency devices. To this end,
basically two steps can be considered: (i) improvements in device design, and (ii) enhancement of
the properties of the constituent materials. Both steps aim at advances in the devices performance
by achieving lower losses, higher resolution, higher bandwidth, lower production costs, lower
capacitance parasitic, and so on.

One of the goals of this work is to improve the piezoelectric properties of AIN films. It is
well-known that AIN possesses various properties suitable for high frequency devices (chemical
stability, compatibility with IC-technology process, high quality factor, etc.). Owing to this, AIN
is a promising material for use in high frequency devices (resonators, filters and oscillators, for
instance). Although, the relatively low piezoelectric response does restrict its use in some
applications, such as filters that require larger bandwidths.

It has been recently reported that a doping of AIN films with certain chemical elements
can be beneficial to the improvement of its piezoelectric properties [26-35, 50-52]. However, this
process is not straightforward. It is necessary to synthesize the new material (doped AIN) in order
to find the optimized doping concentration and deposition conditions (and evidently this
optimization varies for different dopant materials). This means that, even if the best deposition
conditions are well-known for a certain equipment to achieve highly textured AIN films, the same
conditions cannot be directly applied for the new material (AIXN®). For instance, gas flows,
deposition temperature and target(s) power(s) must be optimized.

Nowadays there are four main methods to sputter AIXN thin films (Figure 2.4):

1. Concentric ring-shaped targets [29],
ii.  Dopant inserts in the Al target [33, 34],
iii.  Alloyed Al target [51], and
iv.  Co-sputter by use of two different targets [52].

6 AIXN is written in here as a simplified way to refer to doped AIN films. “X” can be any dopant.
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Figure 2.4 - Schematic of deposition methods to sputter doped AIN thin films: (a) concentric ring-shaped targets, (b)
dopant inserts into the Al target, (c) alloyed Al target, and (d) co-sputter with two different targets.

The disadvantage of the three first methods (i-iii) is that the constituents ratio Al/X is
fixed at all depositions. This disadvantage does not exist for the method (iv), where the ratio Al/X
can be modified by changing the sputter power of each target (Al and X material).

Specifically for electroacoustic devices based on AIN thin films, a dopant that has
attracted a lot of attention nowadays is Sc. Ab-initio calculations and experimental results suggest
the enhancement of the piezoelectric properties of AIN by doping it with a certain amount of Sc
[7, 53]. This work experimentally investigated the synthesis of highly c-textured aluminum
scandium nitride’ (AlxSc-xN) thin films as well as evaluated their piezoelectric properties

(Paper IV). The deposition method chosen is co-sputtering (Figure 2.4d).

7 It is usual to find in the literature the nomenclature scandium aluminum nitride (Sc(1-x)AlxN) for the same material.
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Scandium nitride (ScN) is a III-V nitride with rock-salt structure (non-polar®), and AIN is
II-V nitride with wurtzite structure (polar®). There is a transition region between wurtzite and
rock-salt structures by doping AIN films with Sc. Some authors support that this intermediate
phase state is responsible for the improvement in the piezoelectric response of the film [30].

The electromechanical coupling (k) is directly related to the properties of the

piezoelectric films. The equation that defines k® can be written as

k= @

2
€33
C33+ )s
(33 £33 /233

where e3;, C3; and €33 are the piezoelectric constant, stiffness and dielectric constant,
respectively. It can be seen from the previous equation that an increase in the piezoelectric
constant and a decrease in the stiffness of the material contribute to the improvement of k. Both
goals can be achieved by doping AIN films with Sc, which has been proved theoretically [7, 53]
and experimentally [30, 31, 51, 52].

Noteworthy, an increase of 500% in the piezoelectric response of AIN films doped with
Sc was experimentally demonstrated [30]. Unfortunately, other properties such as the acoustic
losses and sound velocity somewhat deteriorate (which can be expected by the decrease of the
stiffness coefficient). With respect to filter design an important figure of merit is the product k. x
Q. Thus, in this case a tradeoff between k¢ and Q is sought so that the product between these is

higher than that of pure AIN.

2.4  ELECTROACOUSTIC DEVICES

Electroacoustic devices can be designed in various ways in order to explore different
propagation modes. Some of these modes are [54]:

e Longitudinal BAW,

e Shear BAW,

e  Surface acoustic wave,

8 In a non-polar structure there is an equal distribution of charges in the molecule.
°1In a polar structure there is a non-similar distribution of charges, i.e., there is a positive charge in one end of the
molecule and a negative charge in the other end.
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e Shear-horizontal acoustic plate mode,
e Surface transverse wave,
e Love wave, and

e Flexural plate wave.

The structures of different types of electroacoustic devices differ in terms of the active
layer material (piezoelectric materials) and the particle displacement relative to the wave
propagation direction.

A range of these acoustic modes are already exploited in the telecom market, where they
have been used as filters and oscillators, for instance. However, as mentioned before (Chapter 1),
there has been a growing interest in their application in the sensing field. In this case, the

piezoelectricity is used in an indirect!'”

way [50]: sensing is achieved through perturbation of the
acoustic wave that propagates through the piezoelectric layer. This perturbation may be the result
of a biochemical reaction or a temperature change, or strain due to external force, etc. Typically,
this perturbation results in a frequency shift and/or change in the propagation losses, which
subsequently are calibrated by the readout electronics to provide the sensing information
(temperature, pressure, viscosity, mass, etc.). Noteworthy, the overall performance of the
resonator of the electroacoustic sensor will affect the design of the final readout circuit insofar as
quality factor'! and electromechanical coupling define sensitivity and resolution of the sensor
[50].

The design of the electroacoustic sensors is driven by their final application. For instance,
the choice of the acoustic propagation mode and the active layer material will determine whether
the sensor can be used in gaseous or in-liquid media. As an example, one can mention the use of
tilted AIN films (instead of c-axis oriented) in the shear wave mode (instead of the longitudinal
one) is the most suitable for in-liquid media applications [23, 40-42, 44].

In this work, electroacoustic devices were used as a tool to study the effects in the
electroacoustic properties of AIN films by doping these films with different Sc concentrations

(Paper IVIV). FBAR (film bulk acoustic resonator) was the electroacoustic device fabricated.

10 In the direct use, the piezoelectric concept is straightforward: the sensing parameters causes a mechanical
deformation in the piezoelectric layer, and consequently an electrical signal will be generated.

"I The quality factor of an oscillating system is defined as the ratio between the energy stored and the energy
dissipated by the system during the one oscillation cycle [54].
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2.5 HIGH-K ALN

It is well known that the dimensions of the devices based on the transistor technology are
continuously scaling down. For this reason, the thickness of the gate dielectric must follow the re-
scaling of the transistors in order to keep the same capacitance between gate and the channel
regions. To illustrate the relationship between gate thickness and capacitance, the gate dielectric
can be modeled in a simplified way as a parallel plate capacitor, to which the capacitance C is
given by

kSoA
t

C = )

where k is the dielectric constant of the gate material, g is the absolute dielectric permittivity, A

is the capacitor area and t is the thickness of the capacitor insulator (in this case, the gate layer).
The most used gate dielectric in the Si based VLSI (very large scale integration)

technology is SiO2, which already reached its physical thickness limit in the scaling down

process. For gate thickness scales below 2 nm the leakage current!?

is strongly pronounced due to
the tunneling current effect, driving the device to a worsened performance because of the
increased power consumption and lowered reliability!®. An alternative is to increase the dielectric
constant coefficient k, thus having a degree of freedom to work with thicker gate layers while
keeping a high capacitance. To this end, materials with higher dielectric constants to replace the
Si0> gate have drawn attention in the last few years. Some of these materials are Al>Os;, HfO»,
ZrO2, TiO2 and AIN [55, 56].

However, there are some technological problems to handle when using oxides as gate
dielectric material, such as the appearance of SiO: or silicates in the interface layer between the
gate oxide and Si substrate. These interfacial layers have a lower-k coefficient, leading to a
decrease in the overall capacitance density [55]. In this sense, nitrides and oxi-nitrides have been
calling more attention as an alternative to replace SiO2 as the gate dielectric layer. Thus, AIN

films stand as a suitable material since the nitride film suppress the rise of interfacial layers

between high-k dielectric and Si substrate (mostly due to the high amount of oxidized elements

12 Also called as off-current, it is defined as the small amount of current that continues to flow between source and
drain after the gate voltage is turned off.
13 The reliability of a device describes its capacity in working for certain period of time under stated conditions.
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with oxide gate films). An experimental work to evaluate the possibility to use AIN as gate

dielectric is presented in Paper III.

2.6  HIGH POWER IMPULSE MAGNETRON SPUTTERING (HIPIMS)

Magnetron sputtering have been used in a wide range of research and industrial
applications over the last decades. However, the continuous and increasing demand for new
materials and improved properties leads to the need for development of new deposition
techniques in order to achieve better control of the deposition process. To this end, techniques to
increase the degree of ionization of sputtered species have been studied and developed [57], and
the HiPIMS is one of those. Considering that HiPIMS is an emerging technique and not fully
explored yet, a short and brief description of this sputtering process will be presented in here.

The PVD (physical vapor deposition) methods characterized by a flux of ions higher than
the flux of neutrals of the deposited species are called IPVD (ionized physical vapor deposition)
[58, 59]. There are different methods among the IPVD technique, such as [59, 60]:

e (Cathodic arc deposition,

e HCM (hollow cathode magnetron), and

e HiPIMS.

Alternative ways to enhance the ionization fraction in conventional magnetron sputtering
is to use a supplementary ICP (inductively coupled plasma) or ECR (electron cyclotron
resonance).

The common characteristic of the aforementioned methods is the possibility of a good
control of energy and direction of the sputtered material. Notwithstanding, comparing with other
IPVD methods, an advantage of HiPIMS is its simplicity since any sputtering machine based on
magnetrons can be turned into a HiPIMS system by only replacing the power supply.

The basic concept of HiPIMS is the delivery of a high degree of ionization to the system
by means of a high density plasma. To this end, the power supply should deliver pulses in the
order of kW.cm™ (the power supplies used in conventional magnetron sputtering systems provide

pulses in the range of a few tens W.cm™) [59, 61]. Comparing the values of plasma densities for
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both techniques, conventional magnetron sputtering delivers electron densities in the range 10'* —
10'® m, while this values for HiPIMS are commonly in the range 10'® — 10%° m [57, 59].

High density plasma is achieved by means of high power pulses delivered to the
magnetron at low frequency and low duty cycle'®. In other words, the HiPIMS pulse can be
compared to an impulse: pulse with very high amplitude and long time gap between the pulses
[61]. Noteworthy, due to the high electrical power delivered to the target surface, a low duty
cycle is mandatory in order to avoid target overheating.

As in any sputtering technique, the properties of the films deposited by HIPIMS can be
adjusted by tuning the deposition parameters. Pressure, temperature, substrate, target power, etc.,
influence the characteristics of the films. However, it is important to highlight here the
enhancement that the increased ionization gives to the films properties. Improvements in
roughness, density, adhesion and hardness are observed when comparing HiPIMS and
conventional magnetron sputtering techniques [61].

One drawback of the HiPIMS technique is the reduction of the deposition rate (compared

with Pulsed DC depositions under similar conditions'

, see Figure 2.5). Some authors explain this
behavior by the phenomenon of back attraction of the sputtered and highly ionized species back
to the target [16, 59, 61]. Alternative setup arrangements have been studied in order to increase
the deposition rate [57].

There are just a few studies reported in the literature presenting AIN films deposited by
HiPIMS. The work presented in Paper I intends to contribute in an overall analysis of AIN films

sputtered by HIPIMS. Moreover, Paper I presents and discuss the results of highly c-axis textured
AIN films deposited by this technique.

14 Duty cycle is the fraction of time in which the signal (pulse) is active (on) within one period.
15 Refer to Paper I for further information regarding the deposition parameters of both processes.
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Figure 2.5 - Comparative plot of the deposition rate of AIN films deposited under similar conditions by HiPIMS and

Pulsed DC.
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3 RESULTS AND DISCUSSIONS

This chapter highlights and discusses more deeply some of the main achievements of this
work regarding the synthesis and characterization of thin piezoelectric films as this represents the
main thrust of this thesis. It does not mean though that the topics that are not included in here are
less significant. Notwithstanding the results and discussions in the papers, some of the results
presented in this chapter have not been published yet. Therefore, the discussion based on these
non-published results intends to complement the published work as well as, in an overall
analysis, contribute to the field of piezoelectric materials for high frequency applications.

An extended summary of all results in this thesis are presented in Chapter 4.

3.1  SYNTHESIS AND CHARACTERIZATION OF ALSCN FILMS

As previously mentioned, the AlxScxN films investigated in this work were deposited
by the Pulsed DC co-sputtering method (refer to Figure 2.4d). The total amount of Sc in each film
was controlled by the power delivered to the Sc target. The composition of the films was
investigated by Elastic recoil detection analysis (ERDA) and the results of some Al(1-x)ScxN films
are presented in Figure 3.1.

In order to reach highly c-textured films, one important step in the synthesis of Al(1-xScxN
films was the investigation of the optimal substrate temperature during deposition. To this end,
one specific composition of Ali-xScxN film was chosen (x = 0.09) and films were grown at
different temperatures, in the range from room temperature up to 800 °C. The film texture was
judged by the films’ rocking curve (XRD analysis), where the FWHM !¢ of each film was

measured afterwards.

16 The FWHM is calculated from the rocking curve (X-ray diffraction). The lower is the FWHM (narrower curve),
the better is the film texture.
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Figure 3.1 - ERDA analysis of Al(.xScxN films.

As indicated in Figure 3.2, there is an improvement at the FWHM by increasing the
deposition temperature up to 400 °C, at which the film reaches the best FWHM (lowest value).
For temperatures higher than 400 °C the FWHM starts to deteriorate. Some authors explain this
phenomenon by assuming that there is a threshold energy for the adatoms which defines the
different growth mechanisms, ergo the film texture [62, 63]. Still according to these authors, the
increment of the adatom mobility at the substrate surface contributes not only to the preferential
orientation growth (002 plane), but also to the grain coarsening. Depending of the overall energy
delivered to the adatoms (around the threshold energy, for instance), the AIN (002) plane growth
can be promoted and other crystal orientations suppressed.

Therefore, the substrate temperature for the deposition of Ali-x)ScxN films was set to 400
°C since the films deposited at this temperature presented the best results in terms of texture.
Obviously this temperature is valid for a specific hardware setup (target-to-substrate distance,
rotation speed of the target, substrate heating method, etc.) and deposition conditions (gas flow
rate, target power, etc.). Most likely, for different hardware setups and deposition conditions
there will be other optimal substrate temperatures for deposition of textured Al-xScxN films due
to the differences in the overall balance of energy between the systems. A summary of the

hardware setup and deposition conditions used in this work are listed in Table 3.1.
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Figure 3.2 - Influence of deposition temperature on the texture of AIScN (FWHM plot).

Table 3.1 - Brief summary of the hardware setup and deposition conditions of Al(.xScxN films.

Target-to-substrate distance 18 cm

Rotation speed 20 rpm
Substrate heating Radiative heater
Base pressure <2x 10 Torr
Deposition pressure 2.8 —3.1 mTorr
Ar flow 30 sccm

N: flow 30 sccm

Noteworthy, substrate temperature studies were performed also for other AlgxScxN
compositions. However, the temperature range variation was not as broad as for the Alo.91Sco.00N
film. The temperatures used were 300 °C, 400 °C and 500 °C. Even though the film compositions

were different, the results indicated 400 °C as the optimal substrate temperature for all cases.
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Another important step in the synthesis of Alg.xScxN films was the investigation of the
suitable substrate to grow the films. The initial tests were performed on Si and Si/Mo (300 nm)
substrates.

On Si substrates, the films showed columnar structure but high FWHM (around 7°). This
value is not acceptable for use in high performance devices, which require piezoelectric films
with FWHM between 1° - 2° A possible solution to this issue is the improvement in the
nucleation layer of the Alx)ScxN films deposited directly on Si. However, the target-to-substrate
distance in the equipment used to deposit the films is high (see Table 3.1), which makes it more
difficult to achieve higher adatom mobility over the substrate surface. In this work we suggest the
use of HiPIMS deposition to grow suitable nucleation layers for the Al(1-x)ScxN films (for further
details see item 3.3 and Paper I).

Besides the films deposited directly on Si substrates, it was necessary to synthesize also
the films deposited on top of a metal layer since the use of a bottom electrode is required for
some devices applications. The metal used in here is Molybdenum (Mo) due to its intrinsic
properties such as low acoustic attenuation and high electrical conductivity [64], which makes it a
common choice as metal layer (electrode) for electroacoustic devices applications.

However, obtain highly textured films on top of Mo layer is not straightforward since
there is a lattice mismatch between Mo and Al-xScxN structural planes. There are reports in the
literature suggesting the use of a thin AIN seed layer underneath the Mo in order to improve the
texture of the latter one [64, 65], ergo leading to an improvement in the texture of the main AIN
layer. The same concept was used in this work in order to enhance the quality of Al-xScxN films
deposited on top of Mo.

The beneficial effect of the AIN interlayer on the texture of Al-x)ScxN film is seen in
Table 3.2, where the presented results refer to the composition x = 0.09 (deposition at room
temperature). In Figure 3.3 one can see a simplified schematic of the substrates and stacked
layers used to grow Al-xScxN films. Noteworthy, in order to achieve the best quality Ali-xScxN
films, a study was carried out where the thicknesses of the AIN and Mo layers were

systematically changed.
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Table 3.2 - FWHM (degrees) of Alp91Sco.0oN (002) and Mo (110) films.

Mo Alo.91Sco.09N
(110) (002)
(a) Si/ Alo.91Sco.09oN - 6.7
(b) Si/ Mo / Alo.91Sco.09N 12 9.5
(c) Si/ AIN interlayer / Mo / Alo.91Sco.0oN 32 3.1

M Si

B AlgSeN (1 um)

B Mo (300 nm)

B AIN interlayer (100 nm)

(a) (b) (c)

Figure 3.3 - Simplified schematic the substrates and stacked layers used to grow Al(i-ScxN films: (a) Si, (b) Si/AIN
interlayer and (c) Si/AIN interlayer/Mo.

3.2 ELECTROACOUSTIC PROPERTIES OF ALSCN FILMS

As described in Paper IV, FBAR devices were fabricated in order to investigate the
electroacoustic properties of Al1xScxN films. The results presented and discussed here refer to
the compositions x = 0, 0.03, 0.09 and 0.15.

The 0-20 XRD scans of all four film compositions are presented in Figure 3.4. The value
of the FWHM extracted from the rocking curve of each film is indicated in Figure 3.4 as well.
The well aligned (002) peak, the low values of FWHM and the absence of other AIN crystal
orientations indicate that the Ali-x)ScxN films are highly textured and c-axis oriented. The peaks
at 38.5° and 40.5° are related to the metals used as bottom and top electrodes: Mo (110) and Al
(111), respectively. It can be noted also at Figure 3.4 a slight downshift of the (002) peak at the

compositions x = 0.09 and 0.15. This is due to the residual stress'’, which is more pronounced at

7 The deposition conditions are the major reasons for the appearance of residual stress in thin films (substrate
temperature, input power and gas pressure, for instance). The direction (compressive or tensile) and magnitude of the
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the films with higher Sc concentration. Most likely, this behavior is caused by the increase in the
lattice mismatch between the film and the substrate by adding higher amounts of Sc in the Alq-

0ScxN films.

AIN (002)

AIN

----AL(111)

73 Mo (110)

FWHM = 1.7°

: Alg 9750 03N

FWIIM =16

FWHM = 1.9° Alg g1 S¢g goN

Intensity (a.u.)

il

Aly g55¢q 15N
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6 — 20 (degrees)

Figure 3.4 - 0-20 scans of Al ScxN films of the FBAR devices (x = 0, 0.03, 0.09 and 0.15).

The measurements for the electroacoustic characterization were performed in a network

analyzer (standard configuration) and the wave excitation mode was the longitudinal'® one. The

residual stress are mostly influenced by the deposition conditions. Noteworthy, the thickness of the thin film can also
influence this parameter [16, 18, 36, 66].

18 In the longitudinal wave propagation mode, the direction of particle motion is parallel to the direction of the wave
propagation (see Figure 1.2).
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equipment was calibrated for a 50 Ohm input impedance and central frequency around the central
resonance frequency of the fabricated FBARs (2.35 MHz).

In order to extract the electrical and acoustic parameters of Algq-x)ScxN films, the
measured data were fitted to the Modified Butterworth Van-Dyke ' (MBVD) and one-
dimensional Nowotny-Benes?® (NB) models by using the software ADS® (Agilent Technologies).
The procedure is described in detail in Paper IV (item 3).

The doping of AIN films with Sc leads to a softening of the material, i.e., the Al-xScxN
films become softer as the Sc concentration increases. This phenomenon has an impact on the
electroacoustic properties of the film, clearly evidenced by the reduction of the quality factor (Q-
factor) as indicated in Figure 3.5. Even though the films become softer their piezoelectric
properties are enhanced, which leads to an improvement of the coupling coefficient (refer to
Figure 3.5). Noteworthy, the coupling coefficient was increased by 100% when comparing pure
AIN films and Al-xScxN with the highest Sc concentration (x = 0.15) used in the fabricated
FBAR devices.

Therefore, there is a trade-off to be evaluated when doping AIN films with Sc: increase
the coupling coefficient and improve the efficiency to which the piezoelectric material will
convert electrical into mechanical energy (and vice-versa); or keep the quality factor as high as
possible, ergo lowering the energy dissipation? Thus, the Figure of Merit (FOM) can be used as
an indicator of the optimal compromising relationship. In the case of electroacoustic devices, the
FOM is defined as the product k¢ x Q. Based on the measured values k%rm and Qg m, the FOM
was calculated for each Al(1-xScxN composition, and the maximum FOM achieved was 65.55 for

the film with 9% of Sc (see Figure 3.6).

!9 For further information and references about this model, see Paper IV.
20 Tdem.
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The temperature coefficient of frequency (TCF?') is also an important parameter to
investigate in order to evaluate the performance of the devices operating at higher temperatures.
To this end, the FBARs were heated in the temperature interval 25 - 125 °C and their resonance
frequencies were re-measured. The results are presented in Figure 3.7. It can be noted that the
TCF tends to increase with the Sc concentration in the films. A possible solution to this issue is
the use of a compensating layer of SiO> in the FBAR structure. The SiO> has a positive
temperature coefficient of frequency and it has been largely used as a thermal compensating layer

in resonators operating at high temperatures [67-69].

235 4
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Figure 3.7 - Temperature coefficient of frequency (TCF) for FBAR devices based on Al(jx)ScxN and Sc
concentrations of 0, 3, 9 and 15%.
In addition to the acoustic properties studies, the electric parameters & and tan 6> were
investigated in order to evaluate the electrical behavior of Al1-xScxN films as a function of the Sc
concentration. The relative dielectric permittivity, &, was calculated from the extracted static

capacitance of the fabricated FBARs (see Paper IV, item 3). Metal-insulator-metal (MIM)

21 The TCF indicates the relative change of the resonance frequency with the change of temperature. It is desirable to
have this coefficient as near to zero as possible.

22 The dielectric loss, tan 8, quantify the energy loss (heat) inherent to a dielectric material and it is calculated in here
by the ratio imaginary/real part of the dielectric constant.
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capacitors were fabricated to extract the dielectric losses, tan o. These results are shown in Figure
3.8.
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Figure 3.8 - Dielectric permittivity, &, and dielectric losses, tan 9, as a function of the Sc concentration in Al(j.»ScxN
films.

It can be noted an undesirable increase in the tan 6 parameter by increasing the amount of

Sc in the films. However, these values are still lower (or similar to) when comparing with other

concurrent piezoelectric materials, such as ZnO and PZT [70, 71].

3.3  HIPIMS AND ALN FILMS

It was already mentioned before that different parameters and conditions can influence the
final texture of sputtered AIN films. Substrate material, deposition temperature, target power,
pressure, gas flows and target-to-substrate distance are some of them. However, not least
important is the condition of the nucleation layer of the films. More commonly, attention has

been given in the literature to the growth of suitable nucleation layers when c-axis tilted AIN
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films are studied. In this case, the nucleation layer should be poor in (002) crystal orientations.
Notwithstanding, a nucleation layer rich in (002) crystal planes is the best choice in order to grow
c-axis textured AIN films.

At the work presented in Paper I, different deposition conditions were tested using the
HiPIMS method and aiming the improvement of the nucleation layer properties of AIN films.
Furthermore, depositions by conventional Pulsed DC (under similar conditions as the depositions
done by HiPIMS) were performed for comparative studies. Since the use of a bottom electrode is
required for certain devices applications, the analysis should be extended to AIN films deposited
on top of metal layers as well. Thus, all films were deposited onto two different substrates: Si and
textured Mo. The reasons why Mo was chosen as the metal layer and its use in the textured
composition were previously presented (see item 3.1). XRD measurements were performed in
order to evaluate the film properties (more specifically, 6-20 scans and FWHM of the rocking
curve).

Some authors consider that below certain N2 flow levels, there is not enough N> to grow
AIN. On the other hand, above certain N> levels there are not enough Al atoms [14]. Clearly there
is an optimal range of gas flows in within which the N> flow is suitable to the growth of
stoichiometric c-axis oriented AIN films. Obviously this range is not the same for all
experimental setups, varying from machine to machine and, furthermore, varying with other
deposition conditions.

Thus, in order to identify the optimal gas composition Ar/N> for the HIPIMS, different gas
flows were used for AIN depositions on both types of substrates (Si and textured Mo). The total
flow was kept constant at 70 sccm and four different compositions were tested (Ar/N», in sccm):
(1) 30/40, (i1) 35/35, (iii) 40/30 and (iv) 45/25.

One can see in Figure 3.9b that all gas compositions tested were favorable to the growth
of AIN (002) on top of textured Mo layers. However, an undesirable AIN (100) is noted on the
films deposited by the composition Ar/N> 30/40 sccm.

In the case of films deposited directly on Si, the AIN (002) peak is totally vanished at
45/25 sccm gas flows and shows the lowest intensity at 40/30 sccm composition (Figure 3.9a).

Thus, based on the above observations, the composition 35/35 sccm was chosen as the
optimal gas flows ratio. Noteworthy, at this gas composition the AIN (100) peak has the lowest
intensity for the films deposited on Si substrates by the HiIPIMS technique.
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Figure 3.9 - 0-20 scans of AIN films deposited by HiPIMS at room temperature and different gas flows ratio (Ar/N»)
on top of (a) Si substrates and (b) textured Mo substrates.

Considering that the c-axis texture is improved by the substrate temperature at Pulsed DC
depositions, the study of this phenomenon was shortly investigated for the HIPIMS depositions as
well. Nevertheless, the influence of the temperature was not the main focus of the investigation.
Thus, only three substrate temperatures were tested: room temperature, 300 °C and 400 °C. The
optimal gas flow composition was used (35/35 sccm) and the films were deposited on both types
of substrates. The results are shown in Figure 3.10.

Even though the AIN (002) peak is very similar for the films deposited at 300 °C and at
400 °C on textured Mo, the peak intensity is slightly higher for the film deposited at 400 °C on Si
substrates. Thus, 400 °C was chosen as the deposition temperature for the comparative studies. It
1s important to reinforce in here that the temperature analysis was not the focus of the work, ergo

the analysis of its effects on the HIPIMS depositions was marginal.
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Figure 3.10 - 6-26 scans of AIN films deposited by HiPIMS at fixed gas flow ratio (Ar/N, 35/35 sccm) and different
deposition temperatures on top of (a) Si substrates and (b) textured Mo substrates.

By knowing the optimal conditions for the growth of textured AIN films by means of
HiPIMS method, the next step in the studies was the comparison of the films deposited by
HiPIMS and Pulsed DC techniques. As showed in Figure 3.11 and Figure 3.12, it is clear the
improvement in the AIN films brought by the HiPIMS method. Most likely, this is due to the
higher degree of ionization (high plasma density) during the HiPIMS depositions, which in turns
provides an enhancement in the adatoms mobility at the surface during the film growth.
Noteworthy, the films were deposited under similar conditions (refer to Paper I for more details).

The results in Figure 3.11a show that at room temperature and by means of Pulsed DC
depositions it was not possible to grow AIN (002) films on Si, even at different gas flows. On the
other hand, even if followed by an undesirable (100) peak, the HiPIMS film shows a well
pronounced (002) peak.

Since the results are quite poor for the Pulsed DC films deposited at room temperature, it
was not possible to define the optimal gas flow composition. Thus, the 35/35 sccm was chosen as
the gas flow for the comparison of HiPIMS and Pulsed DC deposited at higher temperature (400
°C). As expected, the quality of both films is improved by the temperature (see Figure 3.11b).
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However, the HiPIMS film exceeds the Pulsed DC. Moreover, the AIN (100) peak found at the

room temperature deposition was vanished for the HiPIMS at 400 °C.
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Figure 3.11 - 6-20 scans of AIN films deposited by Pulsed DC and HiPIMS on Si substrates: (a) at room temperature
and different gas compositions for the Pulsed DC films; (b) at 400 °C and Ar/N» 35/35 sccm as gas flow
composition.

It is important to point out here that these results refer to a certain experimental setup. It
doesn’t mean the AIN films deposited by Pulsed DC at room temperature and on top of Si
substrates will present the same poor results for all experimental setups. However, it is also
important to point out that this is a comparative study, and the films were deposited under similar
conditions (same target-to-substrate distance, similar base and deposition pressures, and so on).
In our understanding this means that, by changing the experimental setup and keeping the
deposition conditions similar for both techniques, HiPIMS will continue showing an
improvement in the AIN films characteristics in comparison with the Pulsed DC ones.

As can be seen in Figure 3.12, there were no pronounced differences between the films
growth by both deposition methods on textured Mo substrates at room temperature (Figure 3.12a)
or at 400 °C (gas composition 35/35 sccm, Figure 3.12b). One can consider that the textured Mo

layer is already the optimal seed layer for the AIN films. Thus, in this case the deposition method
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does not influence so strongly the film growth (as long as it provides enough kinetic energy to the

atoms).
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Figure 3.12 - 0-26 scans of AIN films deposited by Pulsed DC and HiPIMS on textured Mo layers: (a) at room
temperature and different gas compositions for the Pulsed DC films; (b) at 400 °C and Ar/N» 35/35 sccm as gas flow
COIIIpOSlthIl.

The beneficial effect of the HIPIMS method on the texture of the AIN films is seen in
Figure 3.13. The FWHM of the (002) rocking curves presented refer to the films deposited at the
gas composition Ar/N> 35/35 sccm. There is no FWHM for the AIN films sputtered by Pulsed
DC on Si substrates and at room temperature since the (002) peak was vanished at this deposition
condition (refer to Figure 3.11).

One can say that the HiPIMS method can be considered as a promising technique to

deposit suitable nucleation layers for the growth of c-axis textured AIN films.



36
Si substrate
(room temperature)

Si substrate
(400 °C)

Textured Mo
(room temperature)

Textured Mo
(400 °C)

Figure 3.13 - FWHM of AIN films deposited by Pulsed DC and HiPIMS on Si and textured Mo substrates, at room

"

L

| HiPIMS
B Pulsed DC

6

<
(P8 ]

9

FWHM (degrees)

temperature and 400 °C.



37

4 SUMMARY OF INCLUDED PAPERS

4.1 PAPER I: THIN ALN FILMS DEPOSITED BY REACTIVE HIPIMS AND PULSED
DC SPUTTERING: A COMPARATIVE STUDY

Manuscript to be submitted.

Author’s contribution: Part of planning and analysis. Major part of thin films deposition (Pulsed

DC and HiPIMS) and measurements. Significant part of writing.

The motivation of this work was the deposition of textured (002) AIN thin layers directly
on Si substrates, at reduced temperatures and in a setup with long target-to-substrate distance. It
can be difficult to growth textured films by means of conventional Pulsed DC depositions when
these three conditions are combined. For instance, in order to grow texture AIN by Pulsed DC,
higher deposition temperatures are applied to compensate the long target-to-substrate distance, or
suitable seed layers to the growth of (002) AIN films (such as Mo, Pt, Au) need to be used.

Thus, thin AIN films (200 nm) were deposited by HiPIMS and Pulsed DC under similar
conditions and the results were compared. The depositions were performed at the same
experimental setup, and the power supply was the single physical change between both processes.

The deposition conditions are summarized in Table 4.1.

Table 4.1 - Summary of the deposition conditions of HiPIMS and conventional Pulsed DC.

Pulsed DC HiPIMS
Pressure 2.8 —3.2 mTorr
Pre-sputtering time (in pure Ar) 3 min
Pre-sputtering power 200 W 400 W
Discharge power 800 W 830 W
Pulse frequency 250 KHz 1 KHz
Duty cycle 12.5% 5%
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The gas flow ratio Ar/N> was optimized for the HiPIMS process. Supported by 0-260 scans
(X-ray diffraction analysis), the films deposited at 35/35 sccm presented the best results. Thus,
this gas composition was used for both deposition processes (HiPIMS and Pulsed DC).

In order to evaluate the influence of the substrate material, besides the depositions directly
on Si, AIN films were also grown on top of textured Mo layers. Furthermore, the influence of the
deposition temperature was also analyzed.

Noteworthy, samples deposited by a standard deposition process were used as reference
samples. This standard process is performed by Pulsed DC sputtering in a system with short
target-to-substrate distance, which is favorable to the growth of textured films. It should be noted
that the deposition conditions were similar to those presented in Table 4.1 for the Pulsed DC
process.

The results indicate a substantial improvement brought by the HiPIMS method over the
Pulsed DC ones. Notably, the texture of the AIN films deposited by HiPIMS excels the Pulsed
DC process for the samples deposited on Si and at room temperature.

Therefore, it was demonstrated the possibility to obtain textured (002) AIN films
deposited on Si substrates, at reduced temperatures and in systems with long target-to-substrate

distances by means of HiPIMS depositions.

4.2 PAPER II: EFFICIENT RF VOLTAGE TRANSFORMER WITH BANDPASS
FILTER CHARACTERISTICS

M. Moreira, J. Bjurstrom, I. Katardjiev, and V. Yantchev, "Efficient RF voltage transformer with

bandpass filter characteristics," Electronics Letters, vol. 49, pp. 198-199, 2013.

Author’s contribution: Minor part of planning. Involved in fabrication and measurements. Minor

writing.

The main objective of this work is to develop a realistic solution to a passive, addressable,
remotely controlled switch using far field communication. By definition, such switches make use
of the energy of the control signal the power of which decays exponentially with distance in
addition to being limited by existing RF emission regulations. This necessitates both power

accumulation and voltage amplification in order to generate a usable DC signal for switching.
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Further, addressability requires frequency modulation which necessitates the use of bandpass
filters. All these requirements make existing solutions totally impractical in terms of both
performance and cost. The solution proposed addresses elegantly both of these aspects by
developing a single component with a dual functionality, that is, it is both a highly efficient
voltage transformer and a bandpass filter at the same time. Called transfilter for brevity, the
device represents an electroacoustic bandpass filter with a large input/output impedance ratio
(transformer characteristic).

The transfilter designed is a 2-port Lamb wave resonator using a highly c-axis oriented
AIN piezoelectric thin film. Input and output are realized by interdigital transducers (IDT) and
energy confinement is achieved by the use of reflectors with the same pitch as the IDT (see
Figure 4.1). Whereas the resonance frequency of the transfilter is defined by the pitch of the IDT,
devices with different resonance frequencies can be fabricated on a single chip having a common

input and distinct outputs.

B IDT strips
[ Reflectors

< IDT pitch ©

.g.g.&.:.:i..

c-axis oriented AIN

Si

Figure 4.1 - Cross section schematic of the transfilter.

The transfilter was fabricated (Figure 4.2) using standard planar technology and was
electrically characterized around its resonance frequency (888 MHz) by a Network Analyzer.
Under open circuit conditions, an AC voltage input of 0.2 V was applied, returning a voltage
output of approximately 2 V, thereby confirming the voltage amplification of the input signal.
This voltage transformer ratio can be varied in a wide range by varying the ratio between input

and output impedances (varying the number of pairs of the input and output IDT).
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< 420 um

Zin= £=2600

Figure 4.2 - Top view of the fabricated transfilter.

By the use of transfilters, truly passive and addressable RTS (radio triggered switch) can

be built by employing capacitive MEMS (microelectromechanical systems) switches (Figure
4.3).

T+
PBVT* 1 Rectifier Capacitor ME_MS
switch
= o+ —+
- e
I I T
+
— T
PBVT*2 Rectifier Capacitor ME.MS
e switech | |
>| To sleeping
g —1 l_ _/D_ device (common
[ I T I o logical output)
-+

Figure 4.3 - Schematic of a truly passive and addressable RTS by the use of transfilters ("PBVT: see footnote).

In comparison with existing commercial wireless technologies (notably radio-frequency
identification, RFID, tags), the obvious advantages of the transfilter are (i) quite low internal
energy accumulation in the device, (ii) it is a linear device, it operates at all input power levels,
i.e. no threshold, (iii) low cost and size and (iv) high efficiency. As a stand-alone component it
can also be used in efficient AC/DC charge pumps.

Noteworthy, the design of the transfilter is not solely confined to Lamb wave devices and
AIN thin films. Analogously, similar or even better performances can be obtained by using other

piezolelectric materials and acoustic waves. Specifically, an insertion loss of -1 dB in the

“PBVT: piezoelectric bandpass voltage transformer.
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passband is quite feasible with today’s filter design technologies, making the transfilter an

extremely efficient component unrivalled by existing solutions.

43 PAPER 1III: PREPARATION AND CHARACTERIZATION OF HIGH-K
ALUMINIUM NITRIDE (ALN) THIN FILM FOR SENSOR AND INTEGRATED
CIRCUITS APPLICATIONS

J. F. Souza, M. A. Moreira, 1. Doi, J. A. Diniz, P. J. Tatsch, and J. L. Gongalves, "Preparation and
characterization of high-k aluminium nitride (AIN) thin film for sensor and integrated circuits

applications," Physica Status Solidi (c), vol. 9, pp. 1454-1457, 2012.

Author’s contribution: Minor part of planning. Major part of synthesis and characterization of

AIN for the application as the transistor gate. Minor writing.

There a continuous trend to downsize scaling of transistor based devices (MISFET and
ISFET, for instance)?’. To this end, all layers and dimensions of these devices should follow the
same trend. However, there are some limitations related with the materials properties. For
example, SiO> is the most common used material as gate dielectric and the downsizing of its
thickness implies in an increasing of the leakage current through it. Therefore, this downsize
scaling has been driving the research efforts to find dielectric materials with high-k to replace the
S10; as gate dielectric while keeping (or improving) the performance of the device.

This paper reports the use of AIN films as gate dielectric for MISFETs and ion sensitive
membrane for EISFETSs devices.

The sputtered AIN films were prior synthesized in order to reach the desirable
characteristics (polycrystalline, c-axis oriented, smooth surface and stoichiometric films). The
devices were fabricated following the standard transistors fabrication process. The thickness of
the AIN films deposited is 30 nm. A thin layer of SiO> (5 nm) was stacked to the AIN layer in
order to reduce the mobile charges in the interface dielectric-semiconductor.

C-V measurements were done with the aim of determine the electrical quality of the

AIN/Si0: stacked layer and AIN/Si02/Si1(100) interface. These measurements were performed at

2 According to the Moore’s law, the amount of transistors in an integrated circuit double around every two years.
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the MIS capacitor intrinsic to the MISFET device (see Figure 4.4). The results (see Table 4.2)

confirm that the AIN/SiO> stacked layer is a good insulator on silicon substrates.

| p-type Si(100)

B N* region Intrinsic MIS capacitor
[ SiO, Metal

) Insulator [

Si0 k
B Si0; (gate stack) Semiconductor
B AIN
o Al
Source Gate Drain
(”:. \"

Figure 4.4 - Schematic cross-section of a MISFET device and an inset of its intrinsic MIS capacitor.

Table 4.2 - Electrical parameters (measured and calculated) of the AIN/SiO, stacked layer.

Maximum capacitance Cmax 158.5 pF
Minimum capacitance Cmin 40.66 pF
Substrate acceptor concentration Na 1.87 x 107 cm™
Flat-band capacitance Cs 116.71 pF
Equivalent oxide thickness EOT 8.71 nm
Flat-band voltage Vi -0.59V
Work function metal-semiconductor ¢ms -1.02V
Charge trap density (negative) Ni -1.02 x 10'? cm™
Threshold voltage Vin 0.84 V

Furthermore, the MISFET and EISFET?* devices were electrically characterized by means

of their Ips x Vgs curves. The calculated values are summarized in Table 4.3.

24 A standard pH 7 solution was used for the EISFET measurements.
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Table 4.3 - Electrical parameters of MISFET and EISFET devices.

MISFET EISFET
Transconductance Gm 96 us 329 us
Current-off Lo 5x 10T A 1.88x 10° A
Subthreshold swing St 103 mV/dec 171 mV/dec

The possibility to use AIN as gate insulator in MISFET and EISFET devices was

demonstrated by fabricating and characterizing such devices.

44  PAPER IV: ALUMINUM SCANDIUM NITRIDE THIN-FILM BULK ACOUSTIC
RESONATORS FOR WIDE BAND APPLICATIONS

M. Moreira, J. Bjurstrom, I. Katardjiev, and V. Yantchev, "Aluminum scandium nitride thin-film

bulk acoustic resonators for wide band applications," Vacuum, vol. 86, pp. 23-26, 2011.

Author’s contribution: Part of planning. Involved in synthesis and characterization of AIScN

films. Involved in fabrication and characterization of FBARs. Minor writing.

This paper is the first to present an experimental electroacoustic characterization of highly
c-textured Al-x)ScxIN piezoelectric films as a function of Sc concentration in view of wide band
telecom applications in the low GHz range. For this purpose, one port FBAR test devices were
fabricated with four different Sc concentrations, namely x = 0, 0.03, 0.09 and 0.15 respectively.
The films were grown by reactive sputter deposition under identical conditions as illustrated in

Table 4.4.

Table 4.4 - Deposition conditions of the Al(-xScxN layers.

Base pressure <2x 10® Torr
Deposition pressure 2.8 mTorr
Substrate temperature 400 °C

Ar flow 30 sccm
N: flow 30 sccm
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In order to obtain films with a high crystallographic texture a double seed layer consisting
of a 120 nm thick (002) AIN layer and a 300 nm thick (110) textured Mo layer was used. The
high c-axis texture of the Al(-xScxN films was confirmed by X-ray diffraction analysis. The
XRD measurements showed that all films are c-axis oriented and highly textured, with a FWHM
of the (002) peaks varying from 1.6° up to 2° with increasing Sc concentration.

A simplified cross-section of the FBAR structure is shown in Figure 4.5.

AlSceN
1.2 um

AINI200M

Si (100)
— B e

polished

Al 230 nm

Mo 330 nm

Figure 4.5 - Cross-section view of the resonator structure.

The electroacoustic characterization of the FBARs was performed with a network
analyzer and the scattering parameters were acquired at frequencies around the fundamental
longitudinal resonance of each device. It is noted that a slight downshift of the resonance
frequency with increasing the Sc concentration was observed.

The measured data were fitted to the MBVD equivalent circuit, which yielded a negligible
shunt resistance (Ro) and a series parasitic resistance (Rs) of around 0.3 Ohms for all resonators.
The unknown stiffness Cs3 and piezoelectric constant ess parameters were determined by a
combination of the one-dimensional Nowotny-Benes model and the MBVD extraction. Both
parameters were varied to best fit the series resonance frequency fs and the effective
electromechanical coupling ket from the MBVD extraction. The relative dielectric permittivity &
was extracted from the static FBAR capacitance Co.

Other parameters such as the parallel resonance (f,), the Q-factor at parallel resonance
(Qp) and the unloaded Q-factor (Qg) were obtained from the electroacoustic measurements.

Table 4.5 shows the most relevant parameters measured/extracted, including the intrinsic

electromechanical coupling k¢ for all four different Sc concentrations.
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Table 4.5 - Measured and extracted Al(i-xScxN parameters.

o fs Kett? Css €33 ke
Composition (GHz) Qs (%) FOM & |(GPa) |(C/m?) | (%)
AIN 2.3605 | 790 | 5.50 40 10.1 | 370 | 1.48 | 6.16

Alo97Sco03N | 2.2935 | 730 | 6.89 50 10.9 | 346 1.66 7.55
Alo91Sco.oN | 2.2339 | 690 | 9.50 65 12.4 | 326 1.94 | 953
AlossSco.sN | 2.1522 | 410 | 12.07 60 14.1 | 270 2.14 | 12.00

It is seen in Table 4.5 that the electromechanical coupling increases steadily with
increasing Sc concentration to exceed by 100% that of pure AIN at a Sc concentration of x =
0.15. In other words, the latter films may be used for the fabrication of bandpass filters with a
twice as large bandwidth than that of pure AIN. Another important finding is that the Q-value
correspondingly decreases with increasing Sc concentration owing to increased acoustic losses
associated with a correspondingly increased softness of the films as manifested by the decrease in
the Cs3 elastic constant.

However, more important for filter design is the FOM defined as the product between the
electromechanical coupling and the Q value. As seen in Table 4.5 this FOM exhibits a maximum
for x = 0.09.

The above results demonstrate unequivocally that highly textured Al-xScxN films can be

used for the fabrication of high performance telecom components with a large bandwidth.

4.5 PAPER V: SYNTHESIS OF C-TILTED ALN FILMS WITH A GOOD TILT AND
THICKNESS UNIFORMITY

M. Moreira, J. Bjurstrom, T. Kubart, B. Kuzavas, and 1. Katardjiev, "Synthesis of c-tilted AIN

films with a good tilt and thickness uniformity," in IEEE International Ultrasonics Symposium

Proceedings, 2011, pp. 1238-1241.

Author’s contribution: Minor part of planning. Involved in thin films depositions and

measurements. Minor writing.
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AIN films with a nonzero tilt of the c-axis have been studied for use in electroacoustic
devices in the shear thickness propagation mode (see Figure 4.6) operating in liquid media. In the
latter case propagation of the shear mode is confined to the resonating cavity (piezoelectric layer
including electrodes), since shear motion is not supported in liquid media and hence the resonator
retains its high Q-factor. Certain degradation of Q is inevitable due to viscous loading from the
liquid but the overall Q-value is still sufficiently high to guarantee low noise performance. In

terms of biosensor applications, for instance, this leads to a higher mass and viscosity resolution.

(b)
N | ‘ H ” ‘ | Direction
‘ ‘ ‘ of particle
«—>

Direction of shear wave propagation

Figure 4.6 - One dimensional representation of particle displacement in a medium (a) without any wave motion, and
(b) with shear thickness wave propagation.

This paper describes a method for the deposition of c-tilted AIN films by pulsed DC
sputtering with good uniformity of both tilt and thickness throughout the wafer. Other existing
methods for the deposition of c-tilted AIN films suffer from serious drawbacks such as low
deposition rates and non-uniform thickness and tilt. In this sense, the method presented here
intends to overcome these shortcomings. To this end, it is primordial to have an adequate handle
on both the nucleation and the growth stages. The strategy of the method presented here is as
follows. During nucleation, optimal conditions are chosen which hamper the nucleation of grains
with the c-plane parallel to the surface and instead promote nucleation of a sizable population of
grains with a crystallographic orientation non-parallel to the average film surface. During the
growth stage, optimal conditions are chosen which promote the growth of non c-oriented grains
whose c-axis lies in a specific half-plane perpendicular to the film surface. Growth of grains with
other crystallographic orientations is suppressed. In this way, a film with a monodirectional tilt of

the c-axis is obtained. This growth stage is typically achieved by assuring a certain directionality
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of the deposition flux, say by operating the process at relatively low pressures which minimizes
scattering in the gas phase.

A suitable nucleation layer for tilted AIN growth can be achieved by: (i) rough substrate
surface and/or (ii) crystallographic mismatch between substrate and the film (non-hexagonal
structure in case of AIN films) and/or (iii) a non-textured AIN seed layer, which can be obtained
under diffusion limited nucleation conditions, e.g., at high deposition pressures and low substrate
temperatures.

The growth of tilted films proposed in this paper suggests the use of an array of linear

magnetrons instead of the conventional magnetrons with circular symmetry (see Figure 4.7).

S

Horizontal motion

Substrate

Substrate holder
Race track

Figure 4.7 - Array of tilted magnetrons.

Assuming that the majority of the sputtered atoms arrive at the substrate at angles close to
the surface normal, the tilt of the magnetron segments relative to the surface normal sets the
incident angle of the deposition flux. However, it is also necessary to achieve thickness
uniformity. To this end, the substrate is moved horizontally along the projection of the atoms flux

from the target towards the substrate (refer to Figure 4.7).
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XRD pole plot figures clearly demonstrate the significant improvement in the tilt
distribution resulting from the magnetron array proposed (see Figure 4.8). Even though a c-tilted
film was previously demonstrated by conventional magnetron deposition (Figure 4.8a), it
exhibited a broad tilt distribution as indicated by the kidney shape of the XRD pole plot. On the
other hand, the narrower tilt distribution of the film deposited by the use of the magnetron array

shows that a higher texture was attained (Figure 4.8b).

(a) x10* (b) x10°
MaxInt = 53787 cps
Psi = 20°

FM = 28161

4.5

MaxInt = 25835 cps
Psi = 26

@ FM = 3272
o

4
3.5
3
2.5
2
15
1

0.5
Intensity [cps] Intensity [cps]

Figure 4.8 - XRD pole plot figures of tilted AIN films deposited by use of (a) a conventional magnetron with
circular symmetry and (b) an array of tilted magnetrons.
It is likely that the use of the array of linear magnetrons in addition to an adequate control
of the nucleation stage are suitable to the growth of not only tilted AIN films, but other wurtzite

thin films as well.

46 PAPER VI: ELECTRICAL CHARACTERIZATION AND MORPHOLOGICAL
PROPERTIES OF ALN FILMS PREPARED BY DC REACTIVE MAGNETRON
SPUTTERING

M. A. Moreira, I. Doi, J. F. Souza, and J. A. Diniz, "Electrical characterization and
morphological properties of AIN films prepared by dc reactive magnetron sputtering,”

Microelectronic Engineering, vol. 88, pp. 802-806, 2011.

Author’s contribution: Part of planning. All fabrication and measurements. Significant part of

writing.
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The paper describes the physical and electrical characterization of sputtered AIN films
deposited by different conditions. Notwithstanding AIN is a well-known material and the
influence of the deposition conditions on its quality have been presented in the literature by other
groups, there is still a lack of results regarding it. In this sense, more studies will contribute in the
further development of high quality AIN thin films.

The deposition conditions that changed in this paper were N> flow ratio and discharge
power. The physical parameters analyzed were roughness, crystallographic texture, absorbance,
resistivity and refractive index. In addition, electrical parameters were analyzed such as dielectric
constant, hysteresis, equivalent oxide thickness and flat band voltage. To this latter end, Metal-
Insulator-Semiconductor (MIS) capacitors were fabricated (Figure 4.9) and some of them where
annealed. Therefore, the electrical parameters were studied not only as a function of N> flow and
target power, but also as a function of insulator thickness and heat treatment of the MIS

structures.

AIN
Top electrode b

Back contact

SiO-

Si substrate v v

Figure 4.9 - Schematic of the MIS capacitors fabricated.

The achieved results showed the formation of reasonably good AIN thin films, applicable
in some electronic devices. The equipment used to deposit those films was not fully explored yet
and it has a great potential to develop uniform and highly textured films (short target-to-substrate

distance and large targets, for instance).
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5 CONCLUDING REMARKS

The intrinsic properties of AIN make it an outstanding material among other piezoelectric
materials. It can be used in a wide variety of applications such as:

e  Microelectromechanical systems,

e FElectroacoustic sensors (including biosensors),

e High frequency filters and oscillators,

e Transistor-based devices (MOSFET, ISFET, etc.),

e  Optoelectronics, and

e  Coating layers.

It is therefore understandable why AIN thin films have been extensively studied by many
research groups over the last couple of years.
The focus of this thesis was the study and improvement of AIN films in view of its
application on devices operating at high frequencies. This includes, for instance, sensors,
biosensors, filters and oscillators. To this end, the investigation was driven by the improvement
of AIN films in different aspects, such as its c-axis orientation, piezoelectric and electroacoustic
properties.
The major findings and contributions of this work are summarized below:
1. Improvements of the AIN films properties by doping with Sc. The electromechanical
coupling k> have shown a two fold increase for 15% of Sc concentration (Paper IV).

2. First work to present an experimental characterization of AluxScxN films as a
function of the Sc concentration (electrical and acoustic properties). The optimal Sc
concentration (9%) was demonstrated by means of Figure-of-Merit calculations
(Paper IV).

3. Deposition of c-axis textured AIN films by HiPIMS directly on Si, at reduced
temperatures and in a system with large target-to-substrate distance (Paper I).

4. Sputtering of c-axis tilted films with well-defined thickness and tilt uniformity. The
method includes a proposed experimental setup and deposition conditions (Paper V).

5. Design, fabrication and experimental characterization of a device that possesses both

properties of voltage transformer and bandpass filter (transfilter) (Paper II).
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6. It was demonstrated the possibility to use AIN films as the gate dielectric (high-k
material) by means of the fabrication and characterization of MISFET and EISFET

devices (Paper III).

My personal opinion about the use of AIN films on devices operating at high frequencies
is that the material is close to reach its limits. Certainly the performance of these devices can be
improved by changes in the design (electrodes, interdigital transducers, and so on). However, in
terms of materials, AIN films may not be substantially improved. The conditions to obtain highly
c-axis oriented and tilted films (for application in sensors operating in viscous media, for
instance) are well-known and deeply studied. Significant enhancements can most certainly not be
achieved from pure AIN films. However, by doping the AIN films with metalloids and transition
metals this scenario can be changed. Thus, improvements in the piezoelectric properties of AIN
films by means of film doping have received strong attention over the last years. This thesis used
Sc as a dopant, and the results confirm that Al-xScxN films are promising, which has been
confirmed by other studies as well. I believe that a new range of possibilities is open by doping

AIN films.
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Thin AIN films deposited by reactive HiPIMS
and Pulsed DC sputtering: a comparative study
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SE-752 21, Uppsala, Sweden

2. School of Electrical and Computer Engineering, University of Campinas, CEP
13.083-852, Campinas-SP, Brazil

Abstract: Aluminum nitride films were deposited by high power
impulse magnetron spuitering and Pulsed DC on Si and textured
Mo substrates. Similar deposition conditions were used for both
techniques: discharge power, pressure. Ar/N. gas flow and
substrate temperature. The films were characterized wusing
profilometer, X-ray diffraction (6-20 scans and rocking curves) and
atomic  force microscope (AFM). The results indicate an
improvement tn the AIN (002) peak over the Pulsed DC methods for
all films deposited by HiPIMS. No significant stresses were
identified. The HiPIMS films were smooth, with roughness around
1 nm.

Introduction:

Aluminum nitride (AIN) is a wide-band gap piezoelectric material
used in various applications. AIN films have been used in
microelectronics as piezoelectric layers in electroacoustic devices
(including biosensors and filters) [1-3], gate dielectric for transistors
(replacing SiO2) [4] and cantilevers in microelectromechanical systems
(MEMS) [5]. The broad range of possible uses of AIN thin film is due
to its unique combination of material properties. such as high acoustic
velocity (11300 m/s for bulk acoustic wave devices), low propagation
losses, wide bandgap (6.2 eV) and high electrical resistivity (1 x 106 Q
em) [6]. AIN is also chemically stable and [ully compatible with the
fabrication process of integrated circuits.

With respect to electroacoustic devices for high frequency
applications, the properties of the piezoelectric layer play a key role in
the final performance of the device since these properties define the
electroacoustic  parameters namely electromechanical — coupling
coefficient (k%), quality factor (Q) and insertion loss. These properties
are closely related to the crystalline orientation and structure, film stress
and density. Therefore, a good control of the growth conditions is
crucial for the synthesis of highly textured films,

AIN films can be deposited by different techniques, such as
molecular beam epitaxy (MBE) [7]. chemical vapour deposition (CVD)
[8] or physical vapour deposition (PVD). PVD. namely magnetron
sputtering, is the technique of choice for electroacoustic devices since it
requires lower deposition temperatures than MBE and CVD [9] and it is
compatible with standard microelectronic [abrication processes.
Furthermore, high deposition rates and good control of deposition
parameters are other advantages of the sputtering method.

Because highly textured wurtzite AIN films are required, the growth
of the film has attracted attention. The deposition conditions should
provide sullicient energy to the growing surface in order to enhance the
adatom mobility on the substrate surface and thus promote growth of
(002) grains [10]. At reduced deposition temperature, kinetic energy ol
sputtered species or additional ion bombardment is beneficial. The
former was employed by this group, The depositions parameters were
tuned in previous studies and AIN [ilms with FWHM below 2 degrees
could be achieved [11]. In order to avoid thermalization of sputtered
species, low sputtering pressure and short targel-to-substrate distance is
required.

Texture evolution in AIN can be promoted by a suitable seed layer,
Mo is [requently used in eleclroacoustic due Lo ils intrinsic properties
and good lattice match to AIN [12, 13]. AIN grown directly on Si
typically contain a transition layer and the degree of texture is inferior.

When the distance is large in comparison to the mean free path,
different approaches have to be employed. [9] have shown the

* Corresponding author
tomas.kubart@angstrom.uu.se

importance of ion bombardment on the texture formation in AIN,
Especially the importance of low energy Ar' ions was pointed out.

Reactive Pulsed DC is the most common process for PVD AIN
deposition [14, 15]. Recently high power impulse magnetron (HiPIMS)
was used for deposition of AIN films [16]. In HiPIMS, very high
ionization degree of the sputtered material is achieved thanks to the
pulsed mode operation of the discharge. Low [requency operation with
a duty cycle typically about 1% is typically used which leads to two
orders of magnitude higher electron densities and corresponding
increase in the ionization of deposition flux. As a result, the energy
input into the growing film can be significantly increased [17]. The
study [16] has shown a clear improvement in the film texture and a
reduction in the thickness of the interface amorphous AIN layer. It
should be noted that a setup with long target-to-substrate distance was
used.

The motivation of this work is the growth of thin textured (002) AIN
layers directly on Si substrates without any textured metal seed layer.
The resulting layer may be used as a seed layer for deposition of thick
AIN films or as a functional film for high frequency devices. HiPIMS
technique is evaluated as it can provide high flux of low energy ionized
sputtered material and thus be suitable for arbitrary system geometries.
The goal is to find the optimal conditions to achieve films with quality
superior to the short target-to-substrate distance process in a more
robust geometrical configuration which can also be used for deposition
of complex films by co-sputtering.

Experimental:

AIN films were deposited by Pulsed DC and HiPIMS techniques and
in the same sputtering system, CMS-18 (Kurt J. Lesker). The power
supply was the single modification performed at the machine in order to
switch between the deposition processes. The system has one load-lock
chamber and one process chamber and il is pumped by a cryopump
(CT1 CryoTorr 8). The CMS-18 is equipped with four magnetron
sputtering sources in a co-sputtering configuration and the distance
Larget-to-substrate is 18 cm.

The power in HiPIMS mode was supplied by a SIPP 1000 pulsing
unit fed by an Advanced Energy Pinnacle DC generator. Both the target
current and voltage were monitored using a current and voltage
transducer, and recorded in Agilent Infiniium (DSO9064A) digital
oscilloscope, which was also used to calculate the instantaneous power
delivered to the discharge. The pulsing unit was controlled by an
arbitrary function generator (Tektronix AFG 3200). Pulsing frequency
of 1 KHz and pulse on-time of 50 us was used. An average discharge
power of 830 W was maintain by adjusting the discharge voltage. The
substrates were electrically foating during the deposition.

For Pulsed DC sputtering, an Advanced Energy Pinnacle plus power
supply was used with a pulsing frequency of 250 KHz and 0.5 ps on-
time pulse. The discharge power was 800 W.

The setup characteristics are summarized on Table ! and the
deposition conditions of each method are summarized on Table 2.

Table 1. Summary of the setup characteristics for the Pulsed DC and the HIPIMS
depositions.

Al target (47) 99.99% purity
Ar 99.99935% purity
N2 99 9995% purity
Basc pressure 1-5x 10" Torr
Distance target-to-substrate 180 mm
Substrate rotation speed 20 rpm

Substrate heating (if used) Radiative heater

Table 2. Summary of the deposition conditions of Pulsed DC and ITiPIMS
methods.

Pulsed DC HiPIMS
Pre-sputtering power 200 W 400 W
Discharge power 800 W 830 W
Pulse frequency 250 Kllz 1 Kllz
Duty cycle 05 us 50 us




The deposition pressure was kept between 2.8 — 3.2 mTorr for both
processes and the films were deposited at four different gas flow
compositions (Ar/Nz, in scem): (i) 30/40, (ii) 35/35, (iii) 40/30. and (iv)
45/25, Noteworthy, the total gas flow (Ar + N2) was kept at 70 scem.
Prior to each deposition, the Al target was spulter-conditioned in pure
Ar during 3 min. No bias voltage was applied and the substrates were
on floating mode.

Reference samples were deposited by Pulsed DC in a Von Ardenne
balanced magnetron sputtering system (CS 7308, Von Ardenne). This
system has a low distance target-to-substrate (5.5 cm). which is
favourable to the growth of highly textured films. Details of the
deposition system are provided elsewhere [11].

The substrates used were Si (p-100} and textured Mo and all three
deposition process were used to sputter AIN films on top of these
substrates: Pulsed DC, HiPIMS and the standard process. Regarding the
deposition temperatures, two conditions were used: no substrate heating
(deposition at room temperature) and substrate heated to 400 °C.

The crystallographic properties of the films were evaluated from the
0-26 scans and rocking curves performed at a Philips MRD X-ray
diffractometer. Considering that the FWHM is dependent of the film
thickness, and in order to be fair in the comparison between films, all
AIN films were deposited with thicknesses around 200 nm (deposition
rates determined by prior depositions). The thicknesses were measured
by mean of a Dektak profilometer (Dektak 150, Veeco).

Results and Discussions:

The properties of 200 nm thick AIN films were studied as a [unction
of the deposition technique (HiPIMS or Pulsed DC), Nz gas flow,
substrate material (Si or textured Mo) and deposition temperature (room
temperature or 400 °C). The temperature of 400 °C was selected as
optimal based on previous evaluation. For comparison, AIN films were
also deposited by Pulsed DC using otherwise identical conditions.

As a reference, two sets of samples were prepared using the standard
deposition setup [I11]. 200 nm AIN films were deposited by the
optimized process on Si and textured Mo substrates.

HiPIMS process characteristics

Typical HiPIMS discharge current and voltage waveforms are shown
in Figure I. The discharge current increased with increasing flow of N2
in agreement with other studies [18]. Because of the short on-time of 50
ps, no saturation of the discharge current was reached. Short on-times
are also beneficial to supress formation of arcs and very stable operation
of the discharge was observed.
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Figure {. Discharge current and voltage waveforms in the HiPIMS mode for

selected values of N gas flow.

The discharge voltage and deposition rate as a function of the N2 flow
are shown in Figure 2 and Figure 3, respectively. From the results
presented in Figure 2 it is clear that higher N2 flow is required to reach
a stable discharge voltage in the HiPIMS mode as compared to Pulsed
DC. This is a result of gas rarefaction which occurs during HiPIMS on-
time [17]. Although the discharge voltage is typically attributed to the
poisoning of the sputlering target surface. only a small reduction in the
HiPIMS rate was observed above 30 scem despite the continuous

change in the discharge voltage. The deposition rate was 20 — 30 %
lower in the HiPIMS meode. indicating moderate level of the sell-
sputtering [17].
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Figure 2. Process behaviour in ITiPIMS and pulsed DC mode of operation
illustrated by the discharge voltage versus the N gas flow.
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Figure 3. Deposition rates of ITiPIMS and Pulsed DC (room temperature) as a
function of the N2 gas flow (on Si substratcs)

Film characterization

From comparison of films deposited at different N2 gas flows, not
shown, the gas flow ratio Ar/Nz of 35/35 scem gave best results and was
therefore used for all depositions analysed in this work. It may be noted
that the influence of the gas (low ratio was relatively weak but the films
deposited at the optimum gas flow showed lower residual stress both on
Si and textured Mo substrates.

Overview 0-20 spectra of AIN films deposited on Si substrates,
Figure 4, clearly show the benefit of the HiPIMS process, Already at
room deposition temperature the intensity of HiPIMS AIN (002) peak is
comparable to the reference process as displayed in a detailed view in
Figure 5. At clevated temperature, the intensity clearly exceeds the
reference value, The film deposited by Pulsed DC on Si at room
temperature shows only a very weak (002) peak. Even the intensity of
the high temperature Pulsed DC film is lower than that of all of the
HiPIMS films.

The effect of deposition temperature is in agreement with previous
studies [19-21] and the films deposited at 400°C show higher (002)
peak intensity for both deposition processes (Pulsed DC and HiPIMS,
on Si, Figure 4). The beneficial effect the temperatures is usually
attributed to the enhanced surface mobility of adatoms which promotes
the cvolution of (002) orientation [22, 23]. Obviously the optimal
deposition temperature varies for different experimental setups,
deposited materials, substrates, etc. Considering that the adatom
mobility is direetly related to the deposition temperature in the system,
one should find the optimal temperature for each experimental setup
and deposition processes. As previously mentioned, 400 °C is the
optimized temperature to deposit c-axis textured AIN films in our
systems,
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Figure 4. 0-20 spectra of AIN films deposited on Si substrates by Pulsed DC and
HiPIMS, at room temperature (RT) and at 400 °C (35/35 gas flow ratio).
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Figure 5. 6-28 scans of AIN films deposited at room temperature (RT) and 400 °C
on Si by Pulsed DC, HiPIMS and standard process (zoomed in at the AIN (002)
peak)

The shift of (002) AIN peak on the 6-20 scans was analysed for all
films in order to estimate the internal stresses. No considerable peak
shift was found which indicates very low stress levels. This is in
contrast to previous HiPIMS study by Aissa ct al. [16]. Lower stress in
our case is caused by the long target-to-substrate distance and hence
thermalization of the encrgetic ions produced in HiPIMS discharges
[24]. The energy of the ions arriving to the substrate are then
determined mainly by the plasma potential. It should be noted, however,
that higher stress may develop in thicker films deposited at the same
conditions than the thin ones, even further on the films deposited at 400
°C:

A significant fraction of the sputtered atoms gets ionized in HiPIMS
with up to 70% ionization of the sputtered metal reported for HiPIMS of
Al [25]. Morcover, in reactive HiPIMS the ion flux is dominated by
reactive gas ions which further increases the ion flux to the substrate
[26]. The high flux of low cnergy ions promotes surface diffusion of
atoms and thus contributes to the preferred orientation of the coating. At
the same time, the high energy tail of the ion energy distribution
function scems to be sufficiently suppressed and therefore no excessive
internal stresses evolved,

For applications where AIN films arc deposited on a metal bottom
electrode, growth on metal layers is of interest. Therefore, in addition to
Si substrates, the films were also grown on textured Mo substrates to
evaluate the influence of the substrate. Mo is the metal of choice as a
bottom electrode in microelectronics, for instance at electroacoustic
devices applications. Previous studies showed that a textured Mo layer
enhances textured growth of AIN films because of better lattice match
between the materials [12, 13].

The results of XRD measurement around the (002) AIN peaks for
each deposition method is shown in Figure 6 for films grown on
textured Mo substrates. All three deposition processes achicved similar
results. Even the effect of temperature is similar for pulsed DC and
HiPIMS. Noteworthy, the HiPIMS films on Si deposited at 400°C
shown intensity comparable to the films deposited on textured Mo.
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=
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Figure 6. 0-20 scans of AIN films deposited at room temperature (RT) and 400 °C
on textured Mo by Pulsed DC, HiPIMS and standard process (zoomed in at the
AIN (002) peak).

To further illustrate the improvement in the nucleation layer provided
by the HiPIMS method, the (002) full width at half maximum (FWHM)
values of X-ray rocking curves are presented in Table 3. The texture of
AIN [ilms deposited by HiPIMS is superior o any of those deposited by
Pulsed DC and the standard process. The FWHM of all films is
considerably high. However, it is important to consider the thicknesses
of the films studied here was only 200 nm. Thus, a lower FWHM is
expected for thicker films [27].

Such thicker [ilms may be grown even without a Mo seed layer
directly on Si either by the HiPIMS process or by a standard DC
sputtering using the thin HiPIMS [ilms as seed layers. The later
approach could benefit from higher deposition rate of the DC sputtering
as compared to HiPIMS,

Table 3. (002) FWHM of AIN films deposited by Pulsed DC, HiPIMS and
standard process on Si and textured Mo substrates, at room temperature and 400
°C;

FWHM (degrees)
Substrate Pulsed DC HIPIMS Standard
process
Room
Si temperature ol 4 )
400°C 142 5.1 85
Room
76 72 -
Mo temperature % ?
400°C 4.1 32 3.6

The roughness of some films was measured by AFM (non-contact
mode). All measured films were smooth, with roughness around 1 nm.
Further investigation should be performed in order to study the
influence of deposition method. substrate and deposition temperatures
in the films” roughness.

Conclusions:

Thin AIN films were grown by HiPIMS directly on Si substrates and
compared with films deposited by Pulsed DC (at the same sputtering
machine} and a standard deposition process (reference process). The
results indicate a significant improvement over the Pulsed DC and the
standard process for the films deposited at room temperature and at 400
°C as well. Moreover, the HiPIMS process is more robust and can be
used in a co-sputtering configuration. The results also indicate very low
stresses in the AIN films deposited by HiPIMS, probably as a result of
thermalization of ionized species.
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Efficient RF voltage transformer with
bandpass filter characteristics

M. Moreira, J. Bjurstrom, I. Katardjiev and V. Yantchev

A microwave bandpass filter with a large ratio between the output and
the input impedance has been designed and fabricated. Consequently,
it functions both as a voltage transformer and a bandpass filter, or trans-
filter for brevity. It represents a two-port micro-acoustic resonator
employing Lamb waves in a thin piezoelectric AIN film grown onto
a Si carrier substrate with a centre frequency of around 887 MHz.
The transfilter has a transformer ratio of 10 and a voltage efficiency
of over 80%. The component has a small size (<0.5 mm?) and is
shown to sustain power levels of 250 mW. It can be used in a
variety of cases where both voltage amplification and frequency filter-
ing are required. Examples include: charge pumps in RFID tags,
energy scavenging, remotely triggered switches, wake-up radios in
wireless networks, stand-by units in home electronics ete.

Introduction: Passive CMOS-based RFID tags attain energy from the
interrogation signal which is rectified and subsequently accumulated
over a period of time. Practical reading distances require voltage ampli-
fication which is achieved by various variants of the Dickson multistage
rectifier [1], also referred to as charge pump, representing a network of
rectifying devices (transistors or Schottky diodes) and capacitors. Their
voltage efficiency, however, is low and declines rapidly with the degree
of amplification.

In a different context, remotely triggered switches (RTSs) are needed
in remotely controlled devices such as wake-up radios in wireless sensor
networks, home electronics etc. The basic circuit of an RTS was pro-
posed by Gu and Stankovic [2] and is illustrated in Fig. 1.

Y o

P .8 it 4+ L D
—_— — o electronic
fiter transfarmer rectifier capacﬂm‘ switch

Fig. 1 Schematic of remotely triggered switch

The idea is to make use of the energy of the interrogation signal to
trigger a low threshold electronic switch. Since the power levels at prac-
tical distances are insufficiently low, the energy is accumulated over a
period of time and stored into a capacitor. A voltage transformer is typ-
ically needed to increase both the output voltage and the energy accumu-
lated. A filter is placed between the antenna and the transformer to
provide addressing. For instance, several such RTSs, tuned at different
frequencies, may be connected in parallel to provide addressing, as illus-

trated in Fig. 2.

Fig. 2 Example of 2-bii remotely triggered switch, hard coded as (0,1)

Notable drawbacks of the RTS described above are its cost and size,
To overcome the deficiencics in the above-described cases we have
designed and fabricated a micro-acoustic bandpass filter with a large
ratio between the output and the input impedance which makes it an effi-
cient voltage transformer at the same time. In other words, it is both a
transformer and a filter, for brevity also called a transfilter. Thus, a
single transfilter replaces the first two components in Fig. 1.

Experiment: The transfilter represents a two-port Lamb wave resonator
made of a 2.2 pm-thick c-textured AIN thin film grown onto a Si carrier
substrate, The latter is etched from the backside to release the film and
form a free-standing membrane. Wave excitation and signal output are
realised by inter-digital transducers (IDTs) with a 6 um pitch while
energy confinement is achieved by Bragg reflectors consisting of
metal strips with the same pitch as that of the IDTs. Both the IDTs

and the reflectors were made of 300 nm-thick Al. For more information
on the design of Lamb wave devices see [3]. Fig. 3 shows a cross-
sectional schematic of the component.

aan aanrneaam

2 ym-thick AIN
| w4 na

Si \\ Si

Fig. 3 Cross-sectional schematic of transfilter

The area of the transfilter is less than 0.5 mm®. The transfilter was
clectrically characterised with a network analyser in a 50/50Q configur-
ation around its central frequency of about 887 MHz. Fig. 4a shows the
device S, transfer function while Fig. 4h shows its voltage transformer
characteristics at the centre frequency.
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Fig. 4 S5, characteristics. and open cireuit voliage characteristics
a Sg; characteristics
b Open circuit voltage characteristics

Specifically, Fig. 4a shows that the component is a bandpass filter
with an insertion loss of about — 5 dB which after design optimisation
can readily be brought down to — 1 dB. The unloaded Q was 3000
while the device input and output impedance at centre frequency were
measured to be 25€ and 2600€, respectively, resulting in a voltage
transformer ratio of about 10. The latter is confirmed by Fig. 45
which shows the input and output voltage amplitudes under open
circuit conditions. Specifically, an input amplitude of 0.2 V is trans-
tormed into an output amplitude of 2 V with a 180° phase shift.

transfiter

=+ Ppolar(100e-6.-90)
Freg=

1

Fig. 5 Simulated circuit with input power of 100 uW

To illustrate further the usability of the transfilter in a RTS, the above
measurements were used to simulate the circuit illustrated in Fig. 5.

Fig. 6 shows the voltage at the output capacitor against time at the
centre frequency. For comparison, a simulation was also performed
for the case without the transfilter,

ELECTRONICS LETTERS 31st January 2013 Vol. 49 No. 3
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Fig, 6 Voltage accumulation at output capacitor at centre frequency

Specifically, for the case without a transfilter, the output voltage sat-
urates at around 0.1 V irrespective of frequency. In the case with a trans-
filter, the output voltage increases to 0.8 V for the initial 100 ps when
operated at the centre frequency, indicating an overall voltage efficiency
for the whole circuit of 80% in view of the open circuit transformer ratio
of 10. Outside centre frequency the voltage at the output capacitor is
practically zero, as also seen from Fig. 4a which shows that the signal
is significantly attenuated outside the passband. Hence, the circuit illus-
trated in Fig. 5 operates as a highly efficient RTS. Further, recalling that
the centre frequency of the transfilter is determined by the pitch of the
IDT, that is lithographically, it is seen that a number of such transfilters
operating at different centre frequencies can be fabricated on a single
chip having a common input and scparate outputs. In other words,
addressing in the context of Fig. 2 is readily and efficiently achieved.

Naturally, the complete device (the whole set of transfilters) needs to
be carefully designed as each separate transfilter sees the rest as a net
parasitic capacitance connected in parallel affecting thus the bandwidth
of each transfilter. As noted above, the transformer ratio is determined
by the ratio between the output and the input impedance, which can
be varied in a wide range. Thus, assuming a limited interrogation
power of 10 mW in the ISM band and interrogation distances of
several metres, output voltages in the order of several volts become
feasible [2]. This, of course, would be at the expense of longer integ-
ration time intervals in the range of milliseconds. In this context, truly
passive RTSs become possible by employing capacitive MEMS
switches which require pull-in voltages of the order of several volts
[4]. Hard coding in this case is achieved by both normally open ‘1’
and normally closed ‘0" MEMS switches.

It is noted that the thin film electro-acoustic technology is a low-cost
technology indicating low transfilter fabrication costs, most likely in the
order of 10 US cents in large volumes. In addition, it is fully compatible
with the IC technology, suggesting that transfilters can be fabricated on

top of an IC provided the arcas of the two are comparable. Naturally, the
area of the transfilter is inversely proportional to frequency.

With respect to semiconductor charge pumps the transfilter excels in
terms of efficiency, cost and size. Another distinet feature is the fact that
there is practically no initial energy accumulation, unlike charge pumps
where all coupling capacitors need to be sequentially charged. A further
advantage of the transfilter is that it is a linear device operating at all
input power levels, practically eliminating the so-called ‘dead zone” of
charge pumps. Not least, for a full cycle rectifier the number of forward-
biased rectifying devices in this case is two, in contrast to charge pumps
where this number is proportional to the degree of voltage amplification.
Noteworthy, the transfilter has been operated at a power level of 250
mW for a period of several weeks without degradation.

Other possible uses of the transfilter include stand-by units in re-
motely controlled home electronics such as TV, video etc, wake-up
radio circuits in wircless sensor networks, addressable passive
(non-IC) sensors, RFID tags, impedance matching ete.

Conclusion: A highly efficient, small size, low-cost RF voltage trans-
former with filter functionality has been designed, fabricated and clec-
trically characterised. A voltage transformer ratio of 10 at a centre
frequency of 887 MHz has been demonstrated. An inscrtion loss
of —5dB has been measured. Alternative designs are expected to
decrease the insertion loss to around — 1 dB, while higher transformer
ratios are readily achievable. A wide range of possible applications
has been identified.

© The Institution of Engineering and Technology 2013

14 November 2012

doi: 10.1049/e1.2012.3982

One or more of the Figures in this Letter are available in colour online.

M. Moreira, J. Bjurstrom, I Katardjiev and V. Yantchev (Department of

Solid State Electronics, Uppsala University, Box 534, 5-75121 Uppsala,
Sweden)

E-mail: Ilia Katardjiev@Angstrom.uv.se

References

1 Dickson, LF.: ‘On-chip high-voltage generation in NMOS integrated
circuits using an improved voltage multiplier techmique’, [EEE
J. Solid-Siate Circuits, 1976, SSC-11, (3), pp. 374-378

2 Gu, L., and Stankovie, I.: *Radio triggered wake-up in wireless sensor

networks’, Real-Time Syst., 2005, 29, pp. 157-182

Bjurstrom, J., Katardjiev, 1., and Yantchev, V.: ‘Lateral-field-excited

thin-film Lamb wave resonator’, Appl. Phys. Lett., 2005, 86, (15)

4 Kaajakari, V.: ‘Practical MEMS" (Small Gear Publishing, Las Vegas,
2009, ISBN: 978-0-9822991-0-4)

(%)

ELECTRONICS LETTERS 31st January 2013 Vol. 49 No. 3

75



76



77

APPENDIX F — PAPER III

“Preparation and characterization of high-k
aluminium nitride (AIN) thin film for sensor and
integrated circuits applications,”

J. F. Souza, M. A. Moreira, 1. Doi, J. A. Diniz, P. J. Tatsch, and J. L. Gongalves,

Physica Status Solidi (c), vol. 9, pp. 1454-1457, 2012.

(Reprint made with the permission from the publisher)



78

. y " o
PhyS. Status Solidi C 9, No. 6, 1454—1457 (2012) / DOI 10.1002/pssc.201100461 1] = T c
T E %
-
£ n L

Preparation and characterization "~ current topics in solid state physics
of high-k aluminium nitride (AIN)
thin film for sensor and integrated circuits applications

J. F. Souza'?* M. A. Moreira'?, I. Doi"'?, J. A. Diniz"? P. J. Tatsch™? and J. L. Gongalves®

! School of Electrical and Computer Engineering, University of Campinas, Av. Albert Einstein 400, 13.083-852 Campinas-SP, Brazil
f Center for Semiconductor Components (CCS). University of Campinas, Jodo Pandia Calogeras 90, 13.083-870 Campinas-SP, Brazil
" Center for Information Technology Renato Archer (CTT), Rodovia D. Pedro I (SP - 65) Kim 143.6, 23.069-901 Campinas-SP. Brazil

Received 25 July 2011. revised 12 September 2011, accepted 14 September 2011

Published onling 20 February 2012

Keywords high-k, aluminium nitride, thin films, dc reactive magnetron sputicring, MISFET, EISFET

' Corresponding author: e-mail doi@ccs.unicamp.br

In last years considerable interest has been shown in
aluminium nitride (AIN) films because of their optical.
clectrical, diclectric and acoustic propertics. Owing Lo
these characteristics, AIN thin films are suitable for the
use in micro-clectronic applications. In this work, AIN
thin films were deposited on p-Si(100) and SiO/p-
Si(100) substrates by dc reactive magnetron sputicring
technique under the same deposition conditions (500 W
of discharge power, 30 sccm N, flow, 80 scem Ar flow
and deposition pressure of 3x107 Pa), These conditions
were defined by prior analysis in order to achieve films
with smooth surface morphology. hexagonal wurtzite
phase, and refractive index compatible with polycrystal-
line AIN films (between 2.0 and 2.2). The films were

1 Introduction

AIN films, an I1I-V compound, has a symmetric band
model with a wide band gap (6.2 eV), a refractive index
value about 2.15, a breakdown voltage range of 4-9
MV.cm™, piczoclectric propertics, high chemical stability,
good thermal conductivity (k=0.31-1.4 W/cmK) and a
thermal expansion coefficient matching with the silicon |1,
2]. These propertics have made AIN a useful material in
many applications, such as surface passivation of semicon-
ductors, thin film resonator (TFR), acoustic optic (AQ) de-
vices, surface acoustic wave (SAW) devices, micro-
clectromechanical (MEM) devices, pH scnsing devices,
metal insulator scmiconductor (MIS) devices and intc-
graled circuit packaging. Besides, AIN is one of the blue
and UV light emitting nitrides, which gives it an edge over
other high-k dielectrics. Using AIN-Si MIS structures with
acceptable qualitics will thus open the path to co-

§WILEY i@ ONLINE LIBRARY

physically characterized using a variety of techniques
such as atomic force microscopy (AFM), X-ray diffrac-
tion spectroscopy (XRD), Fouricr infrared spectroscopy
(FTIR) and ellipsometry. Electrical characteristics of
films were compared by using metal-insulator-
semiconductor (MILS) structures. Using a set of metal in-
sulator semiconductor ficld cffect transistors (MISFETS)
and clectrolyte-insulator-semiconductor ficld effect tran-
sistors (EISFETSs) fabricated. clectrical characieristics
and sensing properties were investigated. The electrical
quality of the AIN film and AIN/SiO,/p-Si interface ob-
tained suggests that AIN is an adequate insulator on sili-
con device and pH scnsors application.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

integration of light emitting nitrides with silicon microelec-
tronics. In order to achieve devices with high quality, many
techniques have been used to obtain AIN films and AIN
nanostructures (nanotubos and nanoparticles) such as sput-
tering, MOCVD, PECVD and dc-arc plasma [3-16].
Among these methods. the dc reactive magnetron sputter-
ing process is an attractive deposition technique due to the
combination of many advantages. such as compatibility
with microclectronic processes, low temperature deposi-
tions, low cost method and fine tuning of the material
characlteristics [3, 4, 7-11].

This work reports the usc of AIN/SiO, stacked layer as
gate dielectric in MIS devices and AIN thin film as ion
sensitive membrane in pH-EISFET devices as well as the
device structures and the characterizations of both. [ilms
and devices.

® 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Phys. Status Solidi C 9, No. 6 (2012)

Contributed
Article

1455

2 Experiments

2.1 AIN thin film preparation

The AIN thin films were deposited by dc reactive mag-
netron sputtcring technique (Ulvac, MCH-9000, Massachu-
setts, USA). The target used was 99% Al-1% Si (99.99%
purity) and the atmosphere were composed by a high pu-
rity nitrogen (N»)/ argon (Ar) gas mixturc (6N N, and 5N
Ar), the Ar gas takes advantage of ions bombardment,
while N, gas takes a function of reactive ions. The charac-
teristic of the sputiering system includes pre-chamber, wa-
ter-cooled magnetron, target with a diameter of 250 mm,
target to substrate distance around 55 mun, and the dis-
charge modec is powecr-constant. The target was pre-
sputtered for 5 min in Ar in order to remove the residual
contamination on its surface. The flow rate of Ar was fixed
at 80 standard cubic centimeters per minute (scem), while
the flow rate of N, was 30 sccm. The discharge power was
fixed at 500 W. The base and work pressure of the cham-
ber was 2x10® Pa and 3x10™ Pa, respectively. The thick-
ness of thin film was 30 nm. These conditions were de-
fined by prior analysis in order to achieve films with
smooth surface morphology, high degree of c-axis oricnta-
tion (002), refractive index compatible with polycrystallineg
AIN films (between 2.0 and 2.2) [17], and high device sen-
sitivity. All deposition parameters are shown in Table 1.

Table 1 Parameters for the deposition of AIN film

Ar flow rate 80 sccm

N, flow rate 30 sccm

Substrate temperature Room Temperature

Discharge power 500 W

Target to substrate distance 55 mm

Deposition rate 6 A/second

Film thickness 30 nm

Target 99% A1-1%Si(99.99% purity).
250 mm diam.

2.2 MIS capacitor fabrication

The MIS capacitors were fabricated on p-type Si (100)
with AIN and AIN/SIO, as the insulate layers. The SiO,
layer was obtained by a thermal oxidation process at 1000
°C in an oxygen environment. A 300 nm thick layers of
sputtered Al were used as the top and the backside elec-
trodes. The MIS structures have circular geometry with
200 um diameter, and the top electrodes were patterned by
the lift-off method.

2.3 MISFET structure fabrication

The AIN film for the MISFET was grown using the
conditions listed in Table 1 on p-type (1-10 Q.cm) Si (100)
substrate. The substrates were cleaned using a standard
RCA wet process. The MISFET structure fabrication proc-
ess consisted of twelve steps:

1) Substrate material: 3 inch diameter. 1-10 Q.cm,

(100), p-type silicon wafer;
2) Boron ion implantation: dosc 10 ion.cm?, 65 keV:
3) Thermal oxide: 8000 A;

WWW.pSs-C.com

4) 1st photomask and oxidc ctching;

5) Phosphorus ion implantation of the source and drain
regions : dose 10" ion.cm?, 80 keV;

6) Activation anneal in nitrogen and thermal oxide:
5000 A;

7) 2nd photomask and oxide etching:

8) Thermal gatc oxide: 50 A:

9) 3rd photomask and gate AIN thin film deposition:

300 A (liftoff process);

10) 4th photomask and oxide etching;

11) Al sputtering: 3000 A:

12) 5th photomask and Al etching.

Figure 1a shows a schematic cross section of the complete
MISFET device.

SOURCE

p-type Si(100)

AIN

a) Si0,(5 nm)

Reference

Polymer I/Elec.trode

Electrolvte

p-type Si(100)

b)

Figure 1 Schematic of the cross-scctional structure of the
AIN/SiO, stacked layer a) on Si MISFET and b) on Si EISFET.

2.4 EISFET structure fabrication
Four additional process steps are required to transform
the MISFET structure in an EISFET structure:

1) 6th photomask and Al etching of gate electrode:

2) Photopolymer thick layer (AZ 4620) deposition by
spin-coat: = 6 pm;

3) 7th photomask and polymer etching of the gate re-
gion;

4) Hard bake.

Figure 1b shows a schematic cross section of the complete
EISFET device.

2.5 Film characterization

The AIN thin films used in these studics were charac-
terized by X-ray diffraction spectroscopy (structural char-
acterization), Fourier transform infrared spectrometry (in-
frared spectra), atomic force microscopy in contact image
mode (surface morphology). and ellipsometry (film thick-
ness and relractive index).

©2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

79



_g -.:sc

1456

status
solidi

J. F. Souza et al.; High-k aluminium nitride (AIN) thin film for sensor and integrated circuits applications

2.6 Measurements setup

In order to study electrical and sensing properties, cur-
rent-voltage (Ips-Vgs), high frequency (1 MHz) capaci-
tance-voltage (C-V) and quasi-static C-V characteristics of
MISFETs and EISFETs structures werec measured by a
semiconductor parameter analyzer Keithley 4200-SCS, and
a capacimeter Keithley 590. The gatc voltages were ap-
plied to an aluminium metal gate of MISFETs and a gold
reference electrode for EISFETS.

3 Results and discussion

3.1 Physical characteristics of AIN film

The XRD patterns of the obtained AIN films as shown
in Fig. 2a exhibited diffraction peaks at 20 = 35.9° and
20 = 37.8°, corresponding to the (002) and (101) crystal
planes of the hexagonal wurtzite phase of AIN, respec-
tively. The FTIR spectra of these films, Figure 2b showed
absorbing band at 669 cm’, confirming that the film is
aluminium nitride [17, 18].

Figure 3 shows the morphology of the used AIN films.
The AFM image shows the formation of very smooth and
uniform AIN films, with average (R,) and root mean
square (Ru) Toughness of 0.58 nm and 0.73 nm, respec-
tively.

3.2 Electrical properties of devices

MIS capacitor — Figure 4 shows experimental plot of
the (1 MHz) C-V curves for AIN/Si and AIN/SiO,/Si ca-
pacitors. The C-V measurements showed hysteresis be-
tween forward and reverse sweeps. This phenomenon oc-
curs due (o mobile charges in the interface dielectric-
semiconductor and it is strongly evident in the structures
without a thin SiO, film stacked to the AIN layer. This be-
havior occurs because the oxide impedes the free move-
ment of mobile charges in the interface dielectric-
semiconductor of the AIN/SiO,/Si capacitor.

MISFET - Figure 5 shows high frequency and quasi-
static C-V curves for an MIS capacitor intrinsic to MIS-
FET. The maximum capacitance is C,,,=158.5 pF. the
minimum capagcitance is C,,,=40.66 pF, and arca is 4x10*
pm® (200 wm x 200 pm), The substrate acceptor concen-
tration (Ny), flat-band capacitance (Cg,). equivalent oxide
thickness (EOT), [lat-band voltage (Vg). work [unction
metal-semiconductor (¢n). effective charge (Q./q), and
threshold voltage (Vy,) were calculated from Ciuy. Cinins
and area, yielding Ny=1.87x10"7 cm?, Cy = 116.71 pF.
EOT=8.71 nm, Vg,=-0.59 V. ¢ns=-1.02 V, and Vy,=0.84 V.
The flat-band voltage value represents a shift of +0.37 V
from ideal value (-0.96 V), for a negative charge trap den-
sity of N= Qe/q = -1.02x10" ecm™. No hysteresis in the
flat-band voltage was obscrved. Quasi-static behavior of
the MIS capacitor was obtained using the source and drain
electrodes connected Lo the bulk electrode to supply minor-
ity carriers. Formation of the inversion layer is evidenced
by the sharp turn on at +400 mV.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The electrical quality of the AIN/SiO, stacked layer
and AIN/SiO,/Si(100) interface as determined by CV
measurements suggests that AIN/SiO, stacked layer is a
quite good insulator on silicon for device applications. To
test this issuc. we fabricated AIN/S10,/Si MISFETs as
shown in Fig. 1.

(2

AIN {002)

Intensity (a.u.)
AIN(101)
Absorbance (a.u.)

@

40 0 600 700 800 900 1000

3‘6 J’S
20 (in degrees) Wavenumber (em )

Figure 2 Physical characteristics of AIN film on SiQ; thin film.
(a) XRD spectra and (b) FTIR spectra.

pm

Figure 3 Surface morphology of AIN film on SiO, thin film.

Electrical characteristics of MISFETs including trans-
conductance (G,,), current-off (I,¢) and subthreshold swing
(Sy) were calculated through drain-source currcnt vcrsus
gate-source voltage (Ins-Vgs) curves of the stack AIN/SIO,
gale MISFET (Fig. 6). The I extracted at Vgs=V1-0.5 V
was 5x10™" A. This I, value is acceptable for FET opera-
tion. The calculated maximum transconductance of the
stack AIN/SiO, gate MISFET was 96 uS. The high G,
value is due to the high dielectric constant (E,=16) ol the
AIN/SIO, layer. S, is the slope of Vgs versus log Ips. The S,

70

+ AIN [forward sweep)
O AIN [reverse sweep)

4 AINISIO, (forward sweep)
AINISIO, (forward reverse})

@
3
L

50

Capacltance {pF)

3

Voltage 1:.’)
Figure 4 C-V curves of MIS capacitors with AIN and AIN/SiO,
as insulate layer.
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was obtained from the inverse of slope in subthreshold re-
gion and is 103 mV/dec to the stack AIN/SiO, gate MIS-
FET (Figs. 6a and b).

18|

O T RN (5nm)
160 scopy

120
100

Capacitance [pF]

2 0
Voltage [V]

Figure 5§ High [requency and quasi-static capacilance-voltage
(C-V) curves for an MIS capacitor intrinsic to MISFET.
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Figure 6 (a) Ips-Vgs and G,,-Vgs and (b) log Ips-Vgs character-
istics of the stack AIN/SiO, gate MISFET.
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Figure 7 (a) Ips-Vgs and G,,-Vgs and (b) log Tps-Vgs character-
istics of the stack AIN/SiO, gatec EISFET in standard pH7 buffer
solution,

3.3 Sensing properties of devices

The Ipsg-Vgs curve of the stack AIN/SIO, gate EISFET
in standard pH 7 buffer solution shows de normal FET op-
cration. The I (1.88x107A), S; (171 mV/dee) and G,
(329 uS) characteristics of the stack AIN/SiO, gate EIS-
FET were obtained as shown in Figs. 7 a and b.

4 Conclusions

In this study, we use high-k AIN thin film for sensor
and intcgrated circuits applications. C-V mcasurcments

WWW.pSs-C.com

showed that structurcs with AIN/SiO, stacked layer exhib-
ited high electrical quality and no hysteresis in the flat-
band voltage. Thereby, we have fabricated MISFETs and
EISFETs using this slacked layer. By fabricating and char-
acterizing stack AIN/SiO, gatc MISFET we have demon-
strated a necessary step for the integration of the oploelec-
tronic capabilitics of thc group IIT nitrides with silicon
microelectronics transistors fabrication. EISFETS exhibit
similar electrical characterizations as MISFETS for process
and device design verification. With high G,,. the stack
AIN/SIO, gate EISFET is suitable for sensing applications.

Acknowledgements The authors would like to thanks the CCS
staff for technical assistance and the Brazilian agencies CNPq,
CAPES, FAPESP, and INCT-NAMITEC for the financial sup-
port.

References

[1] J.H. Edgar (ed.). Propertics of Group I1I Nitrides, EMIS Data
Rev. Ser. No. 11 (INSPEC, IEE, 1994, UK).

12] J. Szmidt. A. Werbowy. L. Jarzebowski, T. Gebicki, I. Pietra-
kowa. A. Sokolowska, and A. Olszyna, J. Mater. Sci. 31.
2609 (1996).

3] F. Engelmark, J. Westlinder, G. F. Iriarte et al.. IEEE Trans.
Electron. Dev, 50, 1214-1219 (2003)

14] J. X. Zhang. H. Cheng, Y. Z. Chen et al., Surf. Coat. Technol,
198, 68-73 (2003)

[51 A. Sanz-Hervas, E. Thorra, M. Clemente ¢t al., Diam. Relat.
Mater. 12, 1186-1189 (2003).

[6] Y. C. Kong, L. Q. Hu, Y. D. Zheng et al.. Appl. Phys. A 90,
545-548 (2008).

[71 A. Khanna and D. G. Bhat, J. Vac. Sci. Technol. A 25, 557-
565 (2007),

18] J. A, Ruffrer, P. G. Clem, B, A, Tuttle et al., Thin Solid Films
354, 256-261 (1999).

[9] V. Dimitrova, D. Manova. and E. Valcheva, Matcr. Sci. Eng.
B 68, 1-4 (1999).

[10] T. P. Drusedau and J. Blising, Thin Solid Films 377/378. 27-
31 (2000).

[11] X. Song. R. Fu. and H. He. Microclectron. Eng. 86. 2217-
2221 (2009).

[12] M.-J. Lai, L.-B. Chang, T.-T. Yuan, and R.-M. Lin, Cryst.
Res, Technol. 45, 703-706 (2010).

[13] J.-W. Soh, §.-S. Jang. L-S. Jeong, and W .-]. Lee, Thin Solid
Films 279. 17-22.

[14] K. Hironaka, T. Nagashima, S. Tkeda ct al., J. Cryst. Growth
312, 2527-2529 (2010).

115] S. Bellucci. C. Balasubramanian, A. Ivanov, A. Popov. and
H. Schober, J. Neutron Res. 14, 287-291 (2006).

[16] C. Balasubramanian, S. Bellucci, P. Castrucci, M. De
Crescenvi, and S.V. Bhoraskar, Chem, Phys. Lett. 383, 188—
191 (2004).

[17] MLA, Moreira, I. Doi, J.F. Souza, and J.A. Diniz, Microelec-
tron. Eng. 88, 802-806 (2011).

[18] C. Balasubramanian, S. Bellucci ct al., J. Phys.: Condens.
Matter 18. S2095-52104 (20006).

©2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

81



82



83

APPENDIX G — PAPER IV

“Aluminum scandium nitride thin-film bulk

acoustic resonators for wide band applications,”

M. Moreira, J. Bjurstrom, I. Katardjiev, and V. Yantcheyv,

Vacuum, vol. 86, pp. 23-26, 2011.

(Reprint made with the permission from the publisher)



84

Vacuum 86 (2011) 23-26

journal homepage: www.elsevier.com/locate/vacuum

Contents lists available at ScienceDirect

Vacuum

Yl

Aluminum scandium nitride thin-film bulk acoustic resonators for wide band

applications

Milena Moreira, Johan Bjurstrém, Ilia Katardjev, Ventsislav Yantchev*

Dept. Solid State Electronics, Angstrom Lab., Uppsala University, Box 534, S-75121 Uppsala, Sweden

ARTICLE INFO ABSTRACT

Article history:

Received 7 March 2011
Received in revised form
28 March 2011

Accepted 29 March 2011

Keywords:

Thin film devices
Compasite thin films
Acoustic microwave devices

Piezoelectric c-textured Aljy_»ScN thin films, where the Sc relative concentration, x, varies in the range
0—0.15 have been studied in view of radio frequency (RF) electro-acoustic applications. Thin film bulk
acoustic wave resonators (FBARs) employing these films were fabricated and characterized as a function
of the Sc concentration for the first time. The measured electromechanical coupling is found to increase
by as much as 100% in the above concentration range. The results from this work underline the potential
of the c-textured Al{1_x)ScyN based FBARs for wide band RF applications.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

C-axis oriented wurtzite aluminum nitride (w-AIN) thin films
are currently used in commercial thin film bulk acoustic wave
resonators (FBAR) and filters operating in the lower GHz range. The
development of such devices has been driven by the need for low
cost, high performance frequency control components in wireless
communications, where the cellular phone industry is by far the
largest user of this technology. AIN is a wide bandgap material with
a relatively high piezoelectric constant as well as low acoustic and
dielectric losses, just sufficient to satisfy the stringent requirements
for bandwidth, low insertion loss, steep filter roll-off and good
power handling capabilities. An important filter design parameter
is the frequency bandwidth, which is determined by the electro-
mechanical coupling coefficient of the piezoelectric layer (kZ). Well
textured AIN films exhibit an electromechanical coupling coeffi-
cient of around 6% [1]. Using an optimized resonator design and
a careful choice of materials and thicknesses of non-piezoelectric
layers that comprise the resonator, the effective coupling (kgfr) of
the resonator can be boosted to values of around 7%, This is just
about what is required to meet the specifications of the most
demanding filter applications [2]. However, the interest in new
materials with higher electromechanical coupling is still very
strong since, in addition to opening for new applications, they
would result in a relaxed device design as well as fabrication
margins and eventually to lower fabrication costs.

* Corresponding author,
E-mail address: veya@angstrom.uu.se (V. Yantchev).
URL: http:/fhermes.teknikum,uu sef~veya/

0042-207X/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.vacuum.2011.03.026

Recently, the piezoelectric response of w-AIN thin films alloyed
with scandium (Sc) was shown to gradually increase with the
scandium concentration up to 43 at.% Sc [3,4]. This experimental
work was followed by first-principles calculations of the piezo-
electric coefficient in wurtzite Al ,ScxN that confirmed and
revealed the origin of the increase of the piezoelectric constant [5].
It is also noted that the limited experimental findings with regard
to c-textured wurtzite Aljy_xScyN films so far are deduced mostly
from static measurements [3,4], while potential applications lie in
the RF band. Thus, the ultimate and most realistic determination of
the electromechanical properties is the experiment through RF
evaluation of test FBAR resonators. Initial attempts in this respect
have been recently presented for c-axis tilted films only [6], while
experimental characterization as a function of Sc concentration is
still missing for c-textured high quality films, Hence, the goal of this
work is to characterize the properties of c-textured Al _x)Sc,N thin
films with varying Sc concentration in the lower GHz range by
fabricating and measuring FBAR test structures.

2, Experimental

One port FBARs were fabricated on double side polished (100)
silicon wafers. All devices have been micromachined using identical
deposition processes and parameters (excluding the Alg_ScyN
layer), thus the FBARs with different Sc concentrations are
compared under equal other parameters (layer thicknesses, area).
More specifically, a seed layer of a 120 nm thick AIN film followed
by a 330 nm thick molybdenum film was sputter depasited onto
silicon substrates. The Mo film serves as a bottom (ground)
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Fig. 1. X-ray diffraction 6—28 scans of four wafers with different composition of the
piezoelectric layer.

electrode to the FBAR structures. Deposition of 1.2 pum thick
Al(1_xScxN films was performed in a dual magnetron, high vacuum
system (<2 x 108 Torr) at 400 °C. Two metallic targets (Al 99.99%,
@ 100 mm and Sc 99.9%, @ 100 mm) were reactively co-sputtered
using pulsed DC mode in an argon (Ar 30 sccm) and nitrogen (N2
30 sccm) gas mixture at a constant pressure of 2.8 mTorr. The Al and
Sc atomic concentrations of the resulting film were controlled by
adjusting the discharge power on the respective target.

Contact via holes through the Al;;_xSc N films down to the
bottom Mo electrode were opened through wet etching using
a 500 nm thick sputtered silicon dioxide (5i02) as a hard mask.
Aluminum contact pads ( ~ 1 um thick) were then sputter deposited
and patterned. The remaining SiO2 was then removed and subse-
quently the Al top electrode (230 nm thick) was then formed to
complete the FBAR with active area of 0.09 mm?. Finally, the
resonator membrane was released through anisotropic backside
dry etch of the substrate. Note that the introduced thin AIN seed
layer improves the texture of the Mo electrode in view of the
subsequent growth of the Al x)Sc,N film [7].

Four wafers were prepared with various Al/Sc target power
ratio, hence FBARs with four different Al 1_x)ScxN film compositions
were studied, namely x = 0; 0.03; 0.09 and 0.15 as determined by
X-ray Photoelectron Spectroscopy (XPS) analysis. Crystallographic
film properties were obtained from 4 to 26 scans and rocking curve
measurements using a Philips MRD X-ray diffractometer. All films
exhibited a c-axis oriented wurtzite structure as indicated by the
strong {001} diffraction peaks in the #—20 scans, see Fig. 1.

The full with at half maximum value of the (002) rocking curve
was in the range of 1.6° up to around 2°. Additional diffraction
peaks are identified as the Al{111}, Mo{110} as well as the Si(100)
substrate.

3. FBAR characterization

The electro-acoustic characterization of the fabricated FBARs
was carried out with a pico-probe supported network-vector

/ S o
eeean M’easured \St/ \\
—— MBVD fitted// I

| =

Fig. 2. Measured FBAR close in resonance response (a) Impedance for different
compositions of Al;;_Sc,N. (b) S11 reflection coefficient of an Alggs ScqisN based
FBAR and MBVD fit to the measured data,

analyzer. One port reflection (S11) measurement data were
acquired at frequencies around the fundamental longitudinal
resonance. Fig. 2(a) shows the measured FBAR impedance for
various compositions of the piezoelectric film. Further, the
measurement data was fitted to the modified Butterworth Van-
Dyle (MBVD) equivalent six parameters electrical circuit [8] (see
Fig. 3). This implementation optimizes all six MBVD circuit
component values in a least mean squares procedure, to best fit the
measured data as shown in Fig. 2(b).

The MBVD fit results in a series parasitic resistance (Rs) of
around 0.3 Ohms and close to 0 Ohm shunting resistance (RO) for all
measured resonators. To further assess the Al;_,)ScyN properties
we have used the equivalence between the BVD maodel and one-
dimensional resonator analysis [9] in order to account for the
perturbations caused by both the electrodes and the seed layer and
thus to extract important intrinsic material parameters. More
specifically, the series resonance frequency fs and the effective
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electromechanical coupling k2, =2 (f} — f2)/(8f2), where f; is the
parallel resonance frequency, both as determined from the one-
dimensional Nowotny—Benes (NB)} model [10] are fitted to their
corresponding values, obtained from the MBVD extraction. In this
fitting procedure the unknown parameters (C33 and e33) are varied
to best fit the above two parameters. All other parameters are
initially determined as follows. The bulk material constants for the
electrodes and the seed AIN layer have been used in this procedure.
The layer thicknesses, reported in Section 2, have been measured in
advance by scanning electron microscopy. The relative dielectric
permittivity ¢, of the Al _xSciN is separately extracted from the
static FBAR capacitance CO (see Fig. 4), applying the formula
C' = Ae¢geg/t. Here C' represents the static capacitance defined by the
active FBAR area (A) only and 'f’ is the Al;j_ySciN film thickness.
The parasitic contribution formed by the contact pads (including
the underling SiOz 500 nm layer) is accounted for by taking into
account the actual FBAR topology. The obtained in Fig. 4 linear

B i 1 i 1 i 1 i 1 i 1
000 002 0.04 0.06 008 010 012 0.14 0.16
Scandium Concentration x (Al, . Sc,N)

Fig. 5. Alji_xScN electromechanical coupling as a function of the relative Sc
concentration.

dependence of the dielectric permittivity as function of the Sc
concentration is in a good agreement with previously reported
measurements [11] although the obtained values here are some-
what larger. Further, the mass density of the Al;;_ySc;N films is
accounted as a slowly varying linear function of the Sc concentra-
tion, in accordance with the experimental results for the Al(y_x)ScyN
lattice parameters [12]. In particular the mass density is calculated
using the atomic masses of Al, Sc and N along with the volume of
the Al;1_xScN unit cell. Accordingly, the mass density increase
does not exceed 2% for relative Sc concentrations ‘x’ varying in the
range 0—20%.

Table 1 summarizes the most relevant measured and extracted
parameters as a function of the Sc concentration. Here f;, is the
measured series resonance frequency of the FBAR, Qpny is the
measured FBAR Q-factor at parallel resonance, fpm.
Qsm = wicrlS11)/(1 —S11*)|max  (here the group delay
1gr = —0¢gy1/0w is determined as the derivative of phase gsi; of
the S11 coefficient with respect to the angular frequency w = 27f,
while |S11] is the magnitude of the reflection coefficient §11) is the
measured device unloaded Q-factor [13] and kgﬂfm is the measured
device electromechanical coupling. C33 and e33 are the Aljy_xScyN
stiffness and piezoelectric constants, respectively, extracted
through the NB model [10]. Evidently, the increase of electrome-
chanical coupling is accompanied by a decrease of the Q-factor,
which is not unexpected since generally stronger piezoelectrics
tend to be softer materials. Calculating the device figure of merit,
FOM = kﬁﬂr m % Qpm, for the various Al;y_S¢;N compositions we
found that the maximum FOM of 65 is achieved at 0.09 Sc
concentration.

Finally the intrinsic electromechanical coupling k? — K2 /(1 + K?),
where K2 = e, /epeoCss, is presented in the Table 1. The electrome-
chanical couplings (both measured and extracted ) have shown a linear
two fold increase (see also Fig. 5) for Sc concentrations varying in the

Table 1

Measured (fsm, Qpm. OpmikZy m,kzmm % Qp.m) FBAR quantities and extracted (e,, Cas, €347 ) film parameters.
Composition JSs.m(GHz) Qun o2 Ker m (%) kit m * Qom & C33 (GPa) e (C/m?) kZ (%)
AIN 2.3605 739 790 5.50 40 101 370 1.48 6.16
Alg a75¢0,0sN 22935 601 730 6.9 50 109 346 1,66 7.55
Alp.915co.0aN 22339 513 690 9.50 65 124 326 1.94 853
Alp555¢5,15N 21522 348 410 12.07 60 14.1 270 214 12.00




noted that the Q values reported here are by far not optimal as
judged from the comparison between the Q values obtained for
pure AIN in this work and those of the state of the art [13]. The
reason for this difference is due to the use of a general purpose
depaosition system and not a fully optimized and dedicated equip-
ment, This by the same token indicates that the actual Q values of
Al(1-xScxN films are very likely to be higher than reported here.
Finally, the above results suggest the existence of an optimal Sc
concentration for which a larger coupling and an improved FOM
are simultaneously attained.
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range 0—0.15. The observed decrease in the extracted stiffness constant
(see also Fig. 6) with the Sc concentration is in a very good agreement
with the theoretical predictions [5]. This result further confirms the
above findings that the decrease of resonance frequency with the Sc
concentration is predominantly due to material softening.

4. Conclusions

FBARs employing highly c-textured Al(y_xScyN thin films have
demonstrated improved RF performance. Further, the ability to
tune the electromechanical coupling (and thus the filter band-
width) by varying the Sc concentration underlines the potential of
this technology for telecom applications. In view of filter applica-
tions, special care for preserving the device figure of merit (FOM) is
needed, due to Q-factor degradation with Sc concentration. It is
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Abstract—This communication describes a method for the
deposition of thin piczoclectric AIN films with an inclined c-axis
relative to the surface normal. Further, the tilt over the wafer is
sufficiently uniform and exhibits a planar symmetry as well as
good thickness uniformity. Careful control of hoth the nucleation
and growth stages is needed to obtain tilted films with excellent
quality Tllus in tlle nucleation state, it is argued that two
i dent namely sced layer texture and/or
surface mughness, are mainly responsible for the subsequent
titled growth. To achieve the latter, however, a certain
directionality of the deposition flux is also nccessary. The
directionality of the deposition flux is achieved through the use of
an array of linear magnetrons tilted under a certain angle with
respect to the substrate normal.

Keywords - AIN; c-axis tilt; piezoelectric; shear waves;

L INTRODUCTION

Thin piczoelectric films with a wurtzite crystallographic
structure such as AIN and ZnO cxhibiting a nonzero tilt of the
c-axis have been extensively studied in view of biosensor
applications — see for instance references 1 and 2 and the
references therein. More specifically. such films are employed
for the fabrication of thin film bulk acoustic resonators (FBAR)
operating in the shear thickness mode. This mode does not
propagate in liquids and hence such resonators retain their high
Q value when operated in liquids and hence are used as highly
mass sensitive devices (transducers) in biosensors. Deposition
of such films, however, is not straightforward and existing
methods suffer from various drawbacks. Thus, the method
cmployed in reference 1 results in films with a cylindrical
symmetry on the wafer in addition to having a certain tilt non-
uniformity. The method employed in reference 2 suffers from
very low deposition ratcs. The method suggested inhere
attempts to alleviatc both these shortcomings.

II.  DESCRIPTION OF THE METHOD

As indicated above. it is essential that one has good control
over both the nucleation and the growth stages.

A. Nucleation stage

As first described by Katardjiev et al[3] tilted growth can
be achieved if one or more of the following conditions are met
during the nucleation stage:

978-1-4577-1252-4/11/$26.00 €2011 IEEE

a) the crystallographic texture of the substrate is not
suitable for c-textured growth (i.e. does not possess hexagonal
symmelry, etc).

b) the roughness of the substrate surface is sufficiently
large, say, larger than 1 nm.

¢) an AIN (or similar) seed layer which is not c-textured
is grown on the subsirate. This can be conveniently achieved
by growing a 100nm thick AIN seed layer at relatively high
pressures and'or relatively low substrate femperatures
(diffusion limited growth), resulting in a film with mixed
textures (more specifically (103), (002), ete).

Under one ot more of the above conditions and in the presence
of deposition flux directionality the same authors demonstrate
growth of c-tilted AIN films as illustrated in Figure 1a.b.

b e !
Fig la. SEM of an AlN film w 1th a tlltcd c-axis

It is further noted that roughness of the substrate surface can
readily be achieved by, say, varying the deposition parameters
of the substrate film (pressure, temperature, etc). The tilt of the
c-axis is confirmed by the (002) XRD pole figurc shown in
Figure 1b.
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Fig 1b. (002) XRD pole figure of the film shown in Fig. la.

It is scen from Fig. 1b that the mean tilt angle is about 26
degrees and that the tilt has a relatively broad, kidney shaped
distribution caused by the circular shape of the race track.
B. Directionality of the deposition flux

In the original method above[3] directionality of the flux is
achieved by operating the process at sufficiently low pressures
such that the mean free path of the sputtered particles is smaller
than or comparable to the target-to-substrate distance. Under
these conditions it is readily shown that the net deposition flux
at any given point on the wafer (apart from the very center) has
anon-zero angle of incidence as illustrated in Fig. 2.

Al Target

Race track

/ Net Flux \

Owing to the circular symmetry of standard magnetrons
this resulted in films having a cylindrical symmetry of the tilt.
A small exclusion zone in the center of the wafer exhibited a
biaxial tilt. To alleviate this problem a new target design is
proposed in this communication as shown in Figure 3a.

Fig 3a. An array of linear magnetrons

As seen, the array of linear magnetrons is designed in such
a way as to provide to a first approximation a unidirectional
flux at the substrate (owing to the fact that normally the
sputtcred flux cxhibits a cosinc angular distribution, i.c. the
majority of the sputtered flux is along the normal to the target
sutface). The tilt of the magnetron segments relative to the
normal of the substrate surface (typically 30 degrees, although

it can be varied according to the specific situation) then defines
the incidence angle of the deposition flux.

The resulting film, as expected, exhibits a tilted c-axis as
confirmed by the (002) pole figure shown in Fig. 3b.
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Fig. 3b. (002) XRD pole figure of a film grown using the
magnetron shown in Fig. 3a.

Clearly the film in Fig. 3b has a much narrower distribution
of the tilt angle as evidenced from the figure of merit FM
defined as the maximum intensity divided by the peak arca at
half maximum. This distribution can further be improved by
using flux collimators which improve the directionality of the
flux. Thickness uniformity is achieved by a translational
motion of the substrate along the horizontal projection of the
flux direction.

III. DISCUSSION

We now discuss in greater detail the nucleation stage of the
process and illustrate the various mechanisms leading to tilted
growth. They all boil down to onc common goal, namcly, to
suppress nuclcation of (002) nuclei. As alrcady indicated this is
achieved by either growing a special non c-textured seed layer.
and/or introduce surface roughness, and/or use substrate
crystallography which is not suitable for (002) nucleation,
and/or anything to that effect.

A. Synthesis of the seed layer and its inlfuence on the film

growth

Typically, a seed layer is made again of AIN and grown in
situ prior to film growth. Best results are obtained if the sced
layer has a preferred non c-texture. Thus for instance, dominant
(103) texture is obtained under diffusion limited mucleation
conditions. The latter mecan low mobility of the condensing
species which is achieved at relatively high process pressures
(20 mTor or higher) resulting in complete thermalization of the
sputtered flux. The latter thus arrives at the substratc in a
diffusion like manner. More important is the fact that the
kinetic energy of the condensing species is negligibly small
resulting in limited surface diffusion upon condensation.
Diffusion limited nucleation also implies low substrate
temperatures (typically room temperature). It is noted that the
c-axis of a (103) grain concludes and angle of 28 degrees with
the surface normal. The in-planc orientation of the same c-axis
in the seed layer. however, is uniform due to the lack of any
anisotropy (both in terms of substrate properties as well as
deposition flux directionality). This in-planc isotropy of the
projection of the c-axis implies that at any given small arca on
the substrate there always exist (103) grains whose c-axis has a
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projection along an arbitrarily predefined in-plane dircction, In
simple words this means that at any given point on the
substrate there always exist (103) grains whose c-planes face
the incident deposition flux. Consequently, it is these grains
that grow fastest along the c-direction resulting in a tilted films
with a mean tilt around 28 degrees, i.¢. the inclination of the c-
axis in a (103) grain as illustrated in Figure 4.

C-axis(002) (103)

Angle 28°
AIN crystal

Figurce 4, Tllustration of the c-axis in a (103) grain

This hypothesis is confirmed by Fig. 5 which represents a
series of psi-diffractograms taken at equidistant points along
the radius of a 4° 'wafer.

14400

Intensity (counts)
£ £ 8
~

g

g

Psi (aq)

Figure 5. XRD psi-difractograms taken at equidistant ponts
along the radius the wafer

It is seen from Fig. 5 that right at the center of the wafer
(curve 1) the film exhibits a biaxial tilt distribution, i.e. two
opposite in sign tilts. The rhs peak of this distribution,
however, diminishes quickly as the measurcment point moves
along the radius of the wafer. It is noted that the mean tilt angle
varies in the range 26 to 32 degrees. This observation, together
with the fact that the mean angle of incidence of the deposition
flux varies significantly along the wafer radius, supports the
above hypothesis that the film grows preferentially along the c-
axis of the (103) grains resulting in an average tilt angle of
around 28 degrees.

E ) e e TA) ence e
B. Surface roughness and its influence on the growing film

It is noted that the process in the growth stage is typically a
diffusion enhanced growth process since the transport of the
sputtered species is practically collisionless due to the
requirement for directionality. Hence. they arrive at the surface
with their original kinetic energy whose mean value is roughly
half the surface sublimation cnergy of AL ic. 1.68 ¢V. Hence,
the majority of the sputtered species arrive at the surface with a
mean kinetic energy equivalent to around 18000°C. This means
that in the abscnce of a sced layer the growth process typically
vields highly c-textured films, since nucleation under such
conditions is always along the surface normal. If the substrate

surface, however, has some non-negligible surface roughness
then the growth will favor those grains whose c-axis concludes
the smallest angle with the incidence flux. This results in a
preferential tilt of the film which is preferentially oriented
along the flux direction. Noteworthy, the magnitude of the tilt
angle is directly related to the surface roughness. In other
words, the larger the surface undulations the larger the chance
of finding local surface orientations with normals concluding
minimal angles with the flux direction. In this way, surface
roughness primarily determines (limits) surface tilt. Thus,
relatively smooth surfaces should result in relatively small tilts
and conversely relativelv rough surfaces should result in tilts
closer to the incidence flux direction. This hypothesis is
confirmed by the observations of Figure 6ab.c.d which
represents (002) XRD pole figure plots of tilted AIN films
grown on various polycrystalline films with different surface
roughnesses at otherwise identical deposition conditions as
well as grown in one and the same run. The roughness of the
initial films, namely natively oxidized Si, Ni. Cr and Mo
increases steadily. More specifically. the rms values are 0.4,
1.2, 1,8 and 2.5 nm respectively. In all cases we obscrve c-
textured growth (defined as c-textured growth normal to the
substrate surface). With increasing surface roughness.
however, this c-textured growth is increasingly aligned with
the incidence flux since the growth along this direction is the
fastest due to geometrical considerations.
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Figure 6a. (002) pole plot of AIN grown on (100) Si
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Figure 6b. . (002) pole plot of AIN grown on (111) Ni
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Figure 6b. (002) pole plot of AIN grown on (100) Cr
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Figure 6b. (002) pole plot of AIN grown on (110) Mo

Clearly, by just varying the surface roughness of the
substrates we have been able to obtain films with 0°, 10°, 20°
and 27° tilt of the c-axis respectively.

So far we have been able to present experimental evidence
in support of the hypothesis that films with a tilted c-axis can
be grown on substrates with a sufficient roughness or on films
with a suitable non ¢-texture. In both cascs, the propertics of
the substrate along with the deposition flux direction determine
the resulting tilt angle. As a final proof of this statement one
can imagine a substrate with a relatively small surface
roughness but having at the same time a scattered population of
(103) nuclei. From the above observations it is expected that
the relatively low surface roughness to yicld a relatively low
tilt angle, whilc the (103) nuclei population is cxpected to
result in a tilt around 28°. Indeed. this thought experiment is
confirmed by Figure 7 which shows the (002) pole figure of a
film grown exactly on such a substrate surface. The resulting
low and high tilt angle populations are clearly observed.
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Figure 7. (002) pole figure of a film grown on a surface
with a small roughness and some (103) texture.

In this way, we have been able to demonstrate that tilted
AIN films can be grown on substrates with a relatively high
roughness and/or substrates with a dominant crystallographic
texture other than c-texture. The second necessary condition is
the existence of directionality in the deposition flux.

The last thing remaining to demonstrate is the possibility of
growing films with a sufficient tilt and thickness uniformity. In
view of the above observations such a demonstration is
straightforward. Thus, the combination of a suitable AIN sced
layer (as described above) and the flux directionality of the
array of linear magnetrons shown in Figure 3a results in a c-
tilted AIN film with a relatively good tilt uniformity as seen
from Figure 8 which represents graphically the tilt direction
and anglc over a 47 wafer.

o

o

Figure 8. Tilt direction and angle (arrow length)
distribution over a 4” wafer.

Finally, the above findings are expected to hold for other
wurtzite thin films, including ZnO
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Aluminum nitride (AIN) films were deposited by dc reactive magnetron sputtering on p-Si-(1 0 0) sub-
strate in Ar-N, gas mixtures. The effects of nitrogen concentration and sputtering power on AIN films
deposition rate, crystallographic orientation, refractive index, and surface morphology are investigated
by means of several characterization techniques. The results show that AIN films reasonably textured
in (002) orientation with low surface roughness can be obtained with the deposition rate as high as
70 nm/min by the control of either target power or N, concentration in the gas mixture. Increasing the
dc discharge power, Al atoms are not completely nitridized and the Al phases appear, as well as the
AIN phases. MIS (Metal-Insulator-Semiconductor) structures were fabricated and electrically evaluated
by I-V (current-voltage) and C-V (capacitance-voltage) measurements at high frequency (1 MHz). The
results obtained from C-V curves indicate that charges at the dielectric/semiconductor interface occur,
and the dielectric constant values (extracted under strong accumulation region) are compatible with

those found in literature.

© 2010 Elsevier B.Y. All rights reserved.

1. Introduction

Recently, aluminum nitride (AIN) thin films have presented an
increased interest because of its superior physical properties such
as good thermal stability, high ultrasonic velocity, large thermal
conductivity, high electrical resistivity, good piezoelectric re-
sponse, low deposition temperature and low toxicity. Due to its
excellent properties AIN is suitable for a wide variety of applica-
tions [1-4]. In addition to the communication market, nowadays
AIN has been used for sensing and actuation purposes. Specifically
in the microelectronic field, AIN films can be easily integrated with
silicon technology and monolithic systems. Moreover, due to the
excellent acoustic properties, AIN is a well-established piezoelec-
tric material for the fabrication of electro-acoustic devices [5,6],
e.g., SAW (surface acoustic wave) devices widely used as resona-
tors and band-pass filters in communication systems.

The aluminum nitride films have been prepared by several dif-
ferent methods, including chemical vapor deposition (CVD) and
molecular beam epitaxy (MBE). However, these methods are
expensive and the required high temperatures to reach satisfying
properties are often incompatible with microelectronic processes.
Among other techniques, the reactive magnetron sputtering pro-
cess (RMS) is an attractive deposition technique because it pre-

* Corresponding author. Tel.: +55 19 35215215; fax: +55 19 35217888,
E-mail address: doi@ccs.unicamp.br (1. Doi).

0167-9317/$ - see front matter € 2010 Elsevier B.V. All rights reserved.
doi;10,1016/j, mee.2010,06,045

sents advantages of being low temperature and low cost
methods, and it allows fine tuning of the material characteristics
[14,7-9].

The properties of AIN piezoelectric films, however, are strongly
influenced by the sputtering systems, deposition conditions, and
by the substrate materials. The use of silicon as the substrate is
highly attractive for device applications due to the potential inte-
gration with well-developed silicon technologies. However, it
makes the growth of high quality material very difficult due to
the large differences in the lattice constants of AIN and Si. The
physical properties of the sputtered AIN films depend on deposi-
tion parameters and conditions since they determine the way in
which the Al and N atoms are arranged on the substrate, therefore
the microstructure of the grown material, Although investigated by
several researchers, almost all the reports show difficulties to
determine a consistent and general relationship between deposi-
tion parameters and the final quality of the material. Moreover,
contaminants such as oxygen and hydrogen may be present in
the sputtering chamber and affect the morphology of the AIN films
[8,10]. Thus, the structural and morphological properties are the
main guide to determine the different types of devices to which
the AIN films can be applied [9]. For applications in surface acous-
tic wave devices, for example, in addition to the surface smooth-
ness, it is essential to achieve a high degree of c-axis orientation
of the AIN films since the piezoelectric properties are strongly
dependent on the crystallographic orientation of the film [11].
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The study of deposition conditions and its influence in the develop-
ment of AIN films with high piezoelectric coefficient is very impor-
tant and it is not yet fully exploited.

This work presents the results of AIN sputtered films fabricated
with different deposition conditions and the analysis of its physical
characterization. In terms of deposition conditions of the dc
reactive magnetron sputtering, the changed parameters are dc
discharge power and N, flow rate with fixed Ar flow rate of
80 sccm. Furthermore, MIS structures were fabricated and electri-
cal properties such as dielectric constant and flat band voltage
were investigated.

2. Experimental

AIN films were obtained by dc reactive magnetron sputtering
(ULVAC MCH 9000) of an Al - 1% Si (99.99% purity) target in a high
purity N»JAr (5N Ar and 6 N N») gas mixture atmosphere. The dis-
tance target-to-substrate is about 150 mm and target diameter
250 mm. The sputtering chamber was pumped down to a base
pressure below 2 x 107° Pa with a cryopump, and then the sput-
tering discharge gases N, and Ar were admitted into the chamber
separately and regulated by a mass flow controller. The discharge
mode was the power-constant mode and the target power was
fixed either at 500 W or 1000 W, and the N, to Ar flow rate ratio
R (R=Ny/(Ar+N;)) was varied from 0.11-0.55, with a constant
Ar flow rate of 80 sccm. The deposition pressure varied in the range
of 3-4 x 1073 Pa. The target was sputter-conditioned for 10 min in
Ar plasma prior to each run in order to remove any residual con-
tamination on the target surface.

The AIN films used in these studies were deposited on p-type 3"
Si (1 0 0) substrates with 1-10 Q cm resistivity, cleaned in dilute
HF solution to remove its native oxide right before deposition. All
samples were deposited at room temperature without heating of
the substrates, so their temperature depends only on the spontane-
ous heating by the dc plasma and radiation from the target. The
substrate temperature measured using a thermocouple indicated
values below 50 °C during the sputtering process.

The prepared samples were physically characterized using a
variety of techniques. The surface roughness, crystallographic ori-
entation, thickness, absorbance, and refractive index were deter-
mined using atomic force microscopy (AFM), X-ray diffraction
spectroscopy (XRD), surface profiler, Fourier infrared spectroscopy
(FTIR) and ellipsometer, respectively. The four-point probe method
was used to characterize the resistivity of the samples.

Four sets of MIS structures were also fabricated on Si wafers
with AIN and SiOz/AIN as the insulating layers, and a 300 nm thick
sputter deposited Al film as the top and backside electrodes. The
structures have 200 pm diameter and were patterned using a stan-
dard lithographic process. The AlJAIN layers were etched in a
H3PO, solution at 75 °C.

The fabricated MIS structures were electrically characterized in
terms of dielectric constant, hysteresis, equivalent oxide thickness
(EOT) and flat band voltage. Current-voltage (/-V) measurements
were carried out in a parameter analyzer, and capacitance-voltage
(C-V) measurements in a C-V meter at 1 MHz. Some of the MIS
capacitors were also submitted to a heat treatment in a H, environ-
ment at 430 °C, for 5 min, 10 min and 20 min, in order to improve
the electrical properties.

3. Results and discussion

The deposition rate behavior of AIN films as a function of the
used N, concentrations is shown in Fig. 1. The deposition rate
was determined from the thickness of the prepared samples, di-
vided by the sputter deposition time. The thickness of the samples
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Fig. 1. Deposition rate of AIN films fabricated with different nitrogen concentra-
tions and sputtering power of 500 W and 1000 W.

varied in the range of 218-85 nm, and 461-165 nm, as the N, con-
centration was increased, at sputtering power of 500 W and
1000 W, respectively. Increasing the sputtering discharge power
also increases the sputtering efficiency, and this allows to achieve
higher deposition rates, such as 68.4 nm/min at 1000 W, more than
twice the rate at 500 W of 31.3 nm/min, at the same N, concentra-
tion (R=0.2). At constant power, higher values of deposition rate
are obtained with the decreasing of N, concentration R in the gas
mixture, This behavior agrees with the results reported by many
authors [1] and it occurs due to the higher mass of Ar, where the
sputtering yield of Ar* ions is higher than N* and N," ions [9].
The crystalline structure and the preferred orientation of AIN
films were characterized by X-ray diffraction (XRD) performed in
# — 20 scanning mode. The preferential orientation is a result of
the competitive growth on (100) and (00 1) planes [9]. When
the growth on (00 1) plane prevails the film is (00 2) oriented,
whereas when the growth on (10 0) plane predominates, other
preferred orientations may arise [9]. The deposition parameters
of sputtered AIN films affect directly the crystallographic orienta-
tion of the film. The main parameters that determine the preferred
orientation are: (i) the nitrogen concentration in the gas mixture;
(ii) the distance from the substrate to the target; (iii) the energy
and concentration of the sputtering ions [1,9]. Fig. 2 shows the
XRD patterns of AIN samples prepared on Si substrates at target
powers of 500 W and 1000 W, and different gas mixture ratios.
The measured XRD patterns show prominent diffraction peaks at
35.9° and 37.8° corresponding to the (002) and (101) crystal
planes of the hexagonal wurtzite phase of AIN, respectively. All
the analyzed AIN samples showed both of these peaks either at
powers of 500 W or at 1000 W, except the sample obtained at
1000 W with a N gas mixture ratio of 0.27, where the peak corre-
sponding to AIN (0 0 2) vanished completely. With regard to device
applications it is desirable to develop AIN with a high degree of c-
axis (00 2) orientation to obtain high values of electromechanical
coupling factor kf [8]. When the power is increased not all sput-
tered material that reaches the substrate is AIN [10,11]. In addition,
it is known that texturing in thin films is a function of their thick-
ness, Thus, the decrease in preferred orientation as a consequence
of the increase in sputtering power is not necessarily due to differ-
ences in energy delivered at the substrates but could also be due to
differences in thin film thicknesses [1]. Despite good crystalline
quality, some of the prepared AIN samples exhibited poor c-axis
orientation, along with other crystal orientations that are not nor-
mal to the substrate plane. This characteristic is due to the non-
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Fig. 2. X-ray diffraction patterns of AIN films deposited at different values of N, gas mixture ratios and discharge powers of (a) 500 W and (b) 1000 W.

T T T T T T T T T ™
(a) DC discharge power: 500W B (b) DCdischarge power: 1000W
| - — N, gas mixture raho_ i 609 cm” 667 cm™ N, gas mixture ralio_
s P 0.22
- -1 -1 —
3 667 cm 0.27 =S —'/Q 4
o % 033 & 0.27
Yy e ) 1 sl —_‘/L 033 |
c 667 cm™ =
2l o . L 0.38 1 g ___k 0.38
o 669 cm™ 0.43 s F o
2 e AT T - 2 0.43
<t 669 om” 0.47 {4 =
: B 047 1]
¥ 675 cm’” 0.5 A -
L 1 1 1 'l [ 1 1 1 L 1
400 600 800 1000 1200 400 600 800 1000 1200

Wavenumber (cm™)

Wavenumber (cm™)

Fig. 3. FTIR spectra of the sputtered AN films deposited at different N; gas mixture ratios and discharge powers of (a) 500 W and (b) 1000 W,

equilibrium conditions existing between the energy of the sput-
tered particles and the energy at the substrate surface. Further
experiments addressed to optimize deposition parameters are
being carried out, to improve the adatom mobility, therefore at-
tempt to obtain AIN with a high degree of c-axis orientation.

The refractive index (1) of sputter-deposited AIN is dependent
on the sputtering conditions since it is related to the composition
and density of the films. For polycrystalline AIN films obtained
by dc reactive sputtering, the refractive index varies from 1.9 to
2.1. Smaller values than this can be observed in the presence of
impurities (such as oxygen) or nitrogen vacancies [3]. The refrac-
tive index of our dielectric AIN samples, determined from the mea-
surements of the ellipsometric angles A and 1, revealed that they
are in the ranges of 2.0-2.2 and 2.1-2.7, for the AIN prepared with
a sputtering power of 500 W and 1000 W, respectively. This wide
range can be attributed to the variation in density and composition
because of the differences in discharge power and N, concentration
used in preparation of each sample.

The formation of aluminum nitride was also supported by FTIR
spectrometry characterized in the range of 400-4000 cm . The
FTIR spectra of the sputtered AIN films exhibit characteristic modes
at 611, 670, 890 and 912 cm ', corresponding to A1(T0), E1(T0),
A1(L0) and E1(LO) vibration modes, respectively [12,13]. Fig. 3

shows the FTIR spectra of the films deposited at 500 W and
1000 W as discharge power and different nitrogen concentrations
in the gas mixture. The spectra were obtained by subtraction of
the Si substrate absorption, The displayed spectra exhibit a main
band around 670cm ' and 673cm ', and a side band around
605 cm™' and 609 cm~, in samples obtained at a sputter power
of 500 W and 1000W, respectively. They correspond to the
E1(T0) and A1(TQ) modes of wurtzite AIN, respectively. The sam-
ples prepared at lower nitrogen ratios showed a more intense
E1(TO) absorption peaks in relation to A1(TO), indicating a pres-
ence of more numbers of wurtzite modes at lower nitrogen ratio.
The FTIR peaks may be shifted from their characteristic position
due to the residual stress in the AIN film caused by the sputtering
process [12], and the predominance of TO modes in the AIN films
indicates existence of large nanocrystals in the structure [14].
The surface topography of the films was examined using AFM in
semi-contact mode taken on 5 x 5 pm? surface areas at room tem-
perature. Fig. 4 shows AFM images of the AIN samples deposited
with a discharge power of 500 W and 1000 W, at N, gas ratio of
0.11 (images 4a and 4c) and of 0.47 (images 4b and 4d), respec-
tively. The surface topography (morphology) of the studied films
is influenced by both discharge power and N; gas ratio. The
rounded grain shape changes from small to large with the increase
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Fig. 4. AFM images of AIN films deposited at: (a) 500 W and 0.11 gas ratio, (b) 500 W and 0.47 gas ratio, (c) 1000 W and 0.11 gas ratio, and (d) 1000 W and 0.47 gas ratio.

indischarge power from 500 W to 1000 W, at the same N; gas ratio
of 0.11. Increasing the N, gas ratio to 0.47 and the discharge power
to 1000 W, the films form a texture-like structure. The grain size
also increases with the increase in the discharge power. The esti-
mated surface roughness (RMS) of the films was 7.88 and
20.60 nm at a N, gas ratio of 0.11, 500 W and 1000 W; and 0.73
and 0.91 nm at a N, gas ratio of 0.47, 500 W and 1000 W, respec-
tively. Therefore, the results indicate a rougher surface with the in-
crease of discharge power and a smoother surface with the
increase of the N; gas ratio. The rough surface formed at low nitro-
gen concentrations is due to the reduced number of collisions of
the sputtered atoms [10,15]. As mentioned above, very smooth
AIN films were obtained at a discharge power of 500 W and N,
gas ratio of 0.47. Low values of roughness are associated with
low acoustic loss in AIN films, which is interesting for applications
in electro-acoustic devices, such as SAW,

The electrical resistivity of the samples was obtained from the
sheet resistances measured by a four-point probe method and
the thickness was measured by a surface profiler. When the N
gas ratio is lower than 0.22, the film still shows a metallic behavior,
whereas when R is higher than 0.22, the conducting property of the
film changes to a dielectric behavior.

Four sets of MIS capacitors were fabricated using sputtered AIN
films as the insulating layers. The dielectric properties were stud-
ied as a function of insulator thickness, nitrogen concentration in
the gas mixture and heat treatment of the capacitors. The thickness
and the N flow rate used to obtain the AIN insulator layer are the
following: (i) MIS;: 25 nm AIN, 80 sccm Ny; (ii) MISo: 20 nm AIN/
10 nm SiQ,, 80 sccm N»; (iii) MIS3: 18 nm AIN, 30 sccm N,; and
(iv) MiS4: 31 nm AIN/10 nm SiO,, 30 sccm N,. The discharge power
and the Ar flow rate in the process were 1000 W and 80 sccm,

respectively. In order to analyze the hysteresis behavior, a thin
Si0-, film was stacked to the AIN layer in MIS, and MIS,.

Many properties of electronic materials, such as electrical and
optical properties, are influenced by the dielectric constant ¢. This
parameter can be determined from C-V measurements of MIS
capacitors, performed at room temperature, 1 MHz frequency,
using the well-known formula C = £6pA/d. The calculated dielectric
constant obtained from the MIS capacitors for the AIN layers was
approximately 9.5, which is compatible with the expected value
for this material [16,17].

The SiOz/AIN structures (MIS; and MIS4) have insulator layers
thicker than MIS; and MIS; capacitors, hence, lower capacitance
values than these structures. Fig. 5 shows the C-V characteristics
of the MIS; and MIS; capacitors measured prior to and after heat
treatment for 10 min at 430°C in hydrogen environment. Since
the structures fabricated using AIN at different N, ratios showed
no significant differences in their behavior, only the results of
MIS; and MIS; capacitors are discussed here. The improvement
in electrical characteristics was observed only for heat treatments
of 5 and 10 min, showing saturation for longer process. The heat
treatment does not affect the parameters that determine the
capacitance (&, &, A and d), however, this process considerably
influences the flat band voltage. As we can clearly observe in
Fig. 5, the flat band voltage exhibits a negative shift on both struc-
tures without the heat treatment, This behavior indicates existence
of positive charges trapped in the dielectric-silicon interface [16].
With heat treatment it is clear that a passivation of charge traps oc-
curs, which reduces the flat band voltage.

The hysteresis occurs due to mobile charges in the AIN-semi-
conductor interface (strongly influenced by the Al). This phenome-
non is less evident in structures with a thin SiO,, which inhibits the
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Fig. 5. C-V curves of MIS capacitors with AIN and SiO>/AIN as insulating layer (a) before the heat treatment and (b) with 10 min of heat treatment.

movement of the mobile charges in the dielectric-semiconductor
interface. Opposite to what is observed for the flat band voltage,
the heat treatment does not have considerable effects in the hys-
teresis. This behavior indicates that AIN film hinders the diffusion
paths, delaying the hydrogen progress through the AIN-silicon
interface [16,17]. The physical thicknesses of the insulator layers
varied in the range 18-25nm in the structures without oxide,
and 27-38 nm in the capacitors with SiO; layer. The calculated
EOT for the capacitors varied in the range 10-15.2 nm and 44.5-
64.4 nm, respectively. In both types of structures the EOT is not af-
fected by the heat treatments. Similar behavior has been observed
by other authors [16] for MIS structures when only an AIN film is
used as insulator and EOT is smaller than the physical thickness
of the material. Therefore, the reported results indicate a reason-
able quality of the obtained AIN films, and that they are suitable
for applications in fabrication of some specific electronic devices.

4. Conclusions

The paper reports the results of AIN thin films prepared by dc
reactive magnetron sputtering with different sputtering powers
and N, concentrations. The influence of these parameters on struc-
tural and morphological properties was investigated. MIS struc-
tures were also fabricated to analyze electrical characteristics of
AN applied as insulating material.

The characterization of fabricated samples revealed that dielec-
tric AlN films with deposition rate as high as 70 nm/min can be at-
tained by the control of either target power or N» flow in the gas
mixture, The measured XRD patterns showed prominent peaks at
35.9° and 37.8° corresponding to the (002) and (101) crystal
planes, respectively, or wurtzite AIN, The values of refractive index
were in the range of 2.0-2.2, for the samples prepared at 500 W as
the discharge power, thus showing formation of the polycrystalline
AIN films. The FTIR analysis exhibited the E1(T0) and A1(T0) modes
of wurtzite AIN, supporting also the formation of AIN films in our
samples, Moreover, the surface topography analyses by AFM indi-
cated relatively smooth AIN films, and a tendency to become
rougher with the increase in dc discharge power and smoother
with the increase of N gas ratio, The electrical resistivity of the
samples showed a metallic behavior when the N, gas ratio is lower
than 0.22. For higher values, the conducting property of the film
changes to dielectric behavior.

The MIS structures fabricated using AIN at different N, ratios
showed no significant differences in their behavior. The improve-
ment in some electrical characteristics was observed only in heat

treatments of 5-10 min, showing saturation with a longer process.
The calculated dielectric constant of the AIN layers obtained from
the MIS capacitors was approximately 9.5. This result is compatible
with the expected value for sputtered AIN films and it was not
influenced by the heat treatment. The calculated EOT was consid-
erably higher than the physical thicknesses in the structures with
the thin oxide layer. The hysteresis phenomenon was less evident
in the MIS structures with a thin oxide film, and it exhibited no sig-
nificant changes after the heat treatment. However, this process re-
duces the flat band voltage due to the passivation of charge traps.
The obtained results are consistent with those reported in the lit-
erature and indicate formation of AIN films with reasonably good
quality, suitable for applications in specific electronic devices.
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