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Tecnológico de Aeronáutica, 2019. Advisor: Prof. Dr. Argemiro Soares da Silva Sobrinho.
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this dissertation and to only loan or to sell copies for academic and scientific purposes. 
The author reserves other publication rights and no part of this dissertation can be 
reproduced without the authorization of the author.

Lauren de Carvalho Leme
Av. Campos Floridos, 810
12.224-853 – São José dos Campos–SP
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da educação e dedicação, mas também me atentaram da incerteza do sucesso e ainda sim

estiveram sempre em prontidão para ser meu esteio. À eles que tudo sou e tudo devo, à

eles que dedico todas minhas conquistas e minha vida. Meus eternos amores, amo vocês
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Abstract

The present work reports the growth of aluminum nitride (AlN) thin film aiming its ap-

plication in the manufacturing of microsensors devices based on surface acoustic waves

(SAW). The AlN thin films were deposited on p-type silicon (100) substrate by radio

frequency magnetron sputtering technique. The plasma parameters were varied in order

to investigate the best plasma conditions to growth AlN thin films for application in SAW

devices. The parameters explored were residual pressure, nitrogen concentration and ap-

plied RF power. These parameters had strong influence in the structure and composition

of the deposited AlN films. The deposition rate and morphology were characterized by

mechanical and optical profilometries and the field emission gun scanning electron mi-

croscopy, respectively. The deposition rate linearly increases with the increase of the RF

power up to about 240W. For higher RF power the deposition rate presents a less accen-

tuated increase probably due to the retro-sputtering of the growing film caused by the

high energetic species impinging the film surface. High nitrogen content (100%) in the gas

mixture decreases the deposition rate by about 50% due to the target poisoning and the

absence of argon. The crystalline structures of the deposited AlN thin films were analyzed

by X-ray diffraction, Raman spectroscopy and variable angle spectroscopic ellipsometry.

The film crystallinity and composition are tightly influenced by the residual pressure in

the deposition chamber due to the elevated concentration of impurities, mainly oxygen.

The increase of the applied RF power favors the growth of well oriented h-(002) hexagonal

wurtzite type structure. The refractive index values obtained are in good agreement with

the values described in the literature and the values increase with the improvement of the

AlN crystallinity, that occurs with the increasing of the applied RF power. The bandgap

energies values obtained by ellipsometry was slightly low compared with the bandgap

energy values obtained by the Tauc-Lorentz method that is closer to the values cited in

the literature. This difference was caused by the lack of good mathematical and/or geo-

metrical model fit. The AlN film with the best set of properties for SAW application was

grown with lower residual pressure in the plasma chamber, gas mixture containing 70%

of N2 and an RF power of 240W.



Resumo

Neste trabalho descreve-se o crescimento do filme fino de nitreto de alumı́nio (AlN) visando

sua aplicação na fabricação de dispositivos de microsensores baseados em ondas acústicas

de superf́ıcie (SAW). Os dispositivos de SAW com boa qualidade e alta sensibilidade re-

querem filmes finos de AlN com elevadas propriedades piezoelétricas. Os filmes de AlN

foram depositados em substrato de siĺıcio (100) do tipo-p pela técnica de magnetron sput-

tering de rádiofrequência. Os parâmetros de deposição foram variados para investigar a

melhor condição do plasma para o crescimento de filmes finos de AlN com alta qualidade.

Os parâmetros explorados foram pressão residual, concentração de nitrogênio e potência

de RF aplicada, estes tiveram forte influência na estrutura e composição dos filmes de AlN

depositados. A taxa de deposição e a morfologia de filmes finos de AlN foram caracteri-

zadas por meio de perfilometria óptica e mecânica e microscopia eletrônica de varredura

de alta resolução MEV-FEG, respectivamente. A taxa de deposição aumenta linearmente

com a elevação da potência de RF até cerca de 240W. Para potências de RF maiores, a

taxa de deposição apresentou um aumento menos acentuado devido ao re-sputtering do

filme em crescimento causado pelas espécies altamente energéticas colidiram com a su-

perf́ıcie do filme. O alto teor de nitrogênio (100%) na mistura de gases diminui a taxa de

deposição em cerca de 50% devido ao envenenamento do alvo e a ausência de argônio. As

estruturas cristalinas dos filmes finos de AlN depositados foram analisadas por difração

de raio X, espectroscopia Raman e elipsometria espectroscópica de ângulo variável. A

cristalinidade dos filmes foi afetada pela pressão residual devido à elevada concentração

de impurezas, principalmente oxigênio. O aumento da potência de RF aplicada favorece

o crescimento de estrutura do tipo wurtzita hexagonal bem orientada h-(002). Os val-

ores do ı́ndice de refração obtidos estão alinhados com os valores descritos na literatura e

estes aumentam com a cristalinidade do AlN, que ocorre com o aumento da potência de

RF aplicada. Os valores de energia bandgap obtidos por elipsometria foram ligeiramente

baixos em comparação com os valores de energia bandgap obtidos pelo método de Tauc-

Lorentz, os quais estão mais próximos dos valores citados na literatura. Essa diferença

está associada á falta de ajuste do modelo matemático e/ou geométrico utilizado. O filme

de AlN com o melhor conjunto de propriedades para aplicação SAW foi desenvolvido com

menor pressão residual, mistura de gás contendo 70% N2 e uma potência de RF de 240W.
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same direction. (LÓPEZ, 2016) . . . . . . . . . . . . . . . . . . . . . 51

FIGURE 3.8 – Surface acoustic waves sensor. (WHITE; VOLTMER, 1965) . . . . . . 52

FIGURE 4.1 – Methodology diagram. . . . . . . . . . . . . . . . . . . . . . . . . . 54

FIGURE 4.2 – (a) Magnetron sputtering system used to deposit AlN thin films. (b)

Schematic drawing of the vacuum chamber with its main constituent

parts. (BRITO, 2014) . . . . . . . . . . . . . . . . . . . . . . . . . . 55

FIGURE 4.3 – Contributions of the materials’ structure to the line broadening

of diffraction profiles. (NOYAN; COHEN, 1987) Adapted from (RO-

BATTO, 2017) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

FIGURE 4.4 – The convolution of a Gaussian function (dash-dot line) and Lorentzian

(dashed line) provide a Voigt function (continuous function). (ICHIKAWA,

2013) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

FIGURE 4.5 – Raman spectra (a) mainly characteristics; (b)with peaks shifted and

the correlation with the residual stress. (NANOPHOTON, 2018) . . . 62

FIGURE 4.6 – Identification of crystal polymorphs. (NANOPHOTON, 2018) . . . . . 62

FIGURE 4.7 – Spectroscopic ellipsometry methodology. Adapted from (HORIBA,

2008) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

FIGURE 5.1 – Sample heating rate during the deposition process. The heating was

caused only by the plasma process. . . . . . . . . . . . . . . . . . . 66

FIGURE 5.2 – Images of the sample profiles obtained by CAM. . . . . . . . . . . . 67

FIGURE 5.3 – Thickness samples as function of the nitrogen content in the gas

mixture. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

FIGURE 5.4 – Thickness of the samples deposited with 70% N2 as function of the

applied RF power. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

FIGURE 5.5 – XRD diffractograms for all deposited AlN thin films. . . . . . . . . . 71

FIGURE 5.6 – Diffractogram of the type-p Si (100) used as substrate to growth

AlN thin films. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72



LIST OF FIGURES xiii

FIGURE 5.7 – Micrographies of sample S200-N70-P5 deposited AlN thin films in

200W with 70% N2 and high residual pressure (10−5 Torr). . . . . . 73

FIGURE 5.8 – Micrographies of samples deposited AlN thin films (a) S200-N70-P6

deposited with 200W and (b) S240-N70-P6 deposited with 240W in

a zoom in 1 µm, 500 nm and 200 nm. . . . . . . . . . . . . . . . . . 76

FIGURE 5.9 – Raman spectra of the aluminum nitride films varying deposition

parameters, such as residual, initial temperature, nitrogen concen-

tration and RF power. . . . . . . . . . . . . . . . . . . . . . . . . . 78

FIGURE 5.10 –Structural model applied in the spectroscopy of ellipsometry for sam-

ples (a)S200-N100-P6 to S240-N70-P6; (b) S300-N70-P6. . . . . . . 80

FIGURE 5.11 –Spectroscopic ellipsometry experimental data measured Is (blue sym-

bols) and Ic (red symbols) with the curve fit (lines) versus the energy

for the AlN films of samples S200-N100-P6 to S300-N70-P6. . . . . . 82

FIGURE 5.12 –Thickness comparison between profilometry and ellipsometry tech-

nique. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

FIGURE 5.13 –Bandgap energy analyzing through the ellipsometry and the Tauc-

Lorentz method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

FIGURE 5.14 –Refractive index (n) versus the wavelength for the AlN films of sam-

ples S200-N100-P6 to S300-N70-P6. . . . . . . . . . . . . . . . . . . 85



List of Tables

TABLE 2.1 – Best-fit model parameters of AlN thin films. (JOO et al., 2000) . . . 37

TABLE 3.1 – Ionicity Phillips (fi), Pauling (fPi ) e Harrison (fHi )for the semicon-

ductor nitrides. (ADACHI, 2005) . . . . . . . . . . . . . . . . . . . . 46

TABLE 3.2 – Crystal structure, space group, lattice constants a and c (T = 300K)

for semiconductor nitrides; d = diamond, zb = blende, h = hexag-

onal, w = wurtzitic and rs = cubic. (ADACHI, 2005) . . . . . . . . . 47

TABLE 3.3 – Cleavage planes for various crystal structures of group III-V. (ADACHI,

2005) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

TABLE 3.4 – Melting point, specific heat and Debye temperature for semiconduc-

tor nitrides. (ADACHI, 2005) . . . . . . . . . . . . . . . . . . . . . . 48

TABLE 3.5 – Thermal conductivity for semiconductor nitrides and other materials

of interest. (QUAY, 2007) . . . . . . . . . . . . . . . . . . . . . . . . 49

TABLE 4.1 – Experimental parameters. . . . . . . . . . . . . . . . . . . . . . . . . 57

TABLE 5.1 – Thickness and roughness of AlN thin films by profilometry technique. 68

TABLE 5.2 – Peaks positions (θ), full width at half maximum (FWHM), Gaus-

sian convolution(βfG),Lorentz convolution (βfL), crystallite size (C),

area under the peaks (A), coating thickness (t), A/t ratio and in-

tensity of microstrains (ε) for all deposited samples, obtained from

the XRD difratrograms of Figure 5.5. . . . . . . . . . . . . . . . . . 74

TABLE 5.3 – Raman reference values of the E2 modes in cm−1. (MCNEIL et al.,

1993) The Elow
2 , Ehigh

2 and FWHM(Ehigh
2 ) from Raman spectra of the

AlN film varying deposition parameters. . . . . . . . . . . . . . . . . 79

TABLE 5.4 – Ellipsometry data as thickness and roughness compared with pro-

filometry techniques of the samples of AlN film varying deposition

parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81



LIST OF TABLES xv

TABLE 5.5 – Ellipsometry data from the spectra and mathematical model of the

samples of AlN film varying deposition parameters. . . . . . . . . . 83



List of Abbreviations and Acronyms

CAM Chromatic Aberration Microscopy

CCM Centro de Competência em Manufatura

CVD Chemical Vapor Deposition

DC Direct Current

DCMS DC Magnetron Sputtering

DIN Deutsches Institut für Normung

EDX Energy Dispersive X-Ray Spectroscopy

FEG Field Emission Gun

FUV Far Ultraviolet

FWHM Full-Width Half Maximum

hcp Hexagonal Close-Packed

HiPIMS High-Power Impulse Magnetron Sputtering

IBD Ion Beam Deposition

IDT Inter-Digital Transducers

INPE Instituto Nacional de Pesquisas Espaciais

IR Infrared

ISO International Organization for Standardization

ITA Instituto Tecnológico de Aeronáutica
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Chapter 1

Introduction

In this chapter is presented the background, motivation, objectives and outline of this

dissertation.

1.1 Background

Ever since mankind improved the knowledge about quantum mechanics, this promoted

the development of interesting materials such as semiconductors. The semiconductor

materials are important to technology development because they present an intermediate

electrical conductivity between the insulator and conductor materials. In consequence of

it, the microelectronic sector has boomed in recent years, mainly in the development of

devices such as transistors and sensors. (DUARTE, 2010)

The high demand of the market for even more efficient and low-cost sensors has boosted

the studies for the development of technologies for the application of accessible and high

performance sensors. Sensors are devices capable of instantaneously monitoring actions,

usually acting in a system detecting variations of physical, chemical or biological param-

eters, transforming and emitting the information captured in an electrical signal. These

input and output processes are known as the transduction process, but the sensors may

also have signal amplifiers that are responsible for the sensor’s sensitivity. (KIRSCHNER,

2010) (COVACEVICE, 2012) This process can be illustrated in Figure 1.1.

The Surface Acoustic Waves (SAW) sensor devices have a differential for constituting

a transmitter and responder. This characteristic makes the SAW sensor a self-sustaining,

dispensing any power source. The SAW sensors are devices that work according to the

interaction between acoustic waves propagation on the surface of piezoelectric materials

with a physical and/or chemical quantity. (COVACEVICE, 2012)

The development of micro-electro-mechanical system (MEMS) devices is only possible
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FIGURE 1.1 – Basic sensor operation. (COVACEVICE, 2012)

with the progress of sensors concept and the researches’ advancement in semiconductors

materials. Through these, the application of thin films contributed to the fabrication

of SAW sensors in MEMS. Thin film piezoelectric materials for MEMS application con-

tributed to improve the sensibility of sensors with wide dynamic ranges, the low power

requirement, low hysteresis and also this technology is offered with a low-cost production

innovation. Among the wide range of elements used for obtaining thin films, Si, C, N and

Al have been highlighted in the sensor development, forming thin films of AlN, SiC and

SiCN. (TROLIER-MCKINSTRY; MURALT, 2004)

The thin films of aluminum nitride play key roles in the microelectronic field and

its production started in 50’s, the initial researches showed that the physical-chemical

proprieties of these thin films make them promising to be applied in electrical, optical

and mechanical areas. Some of these proprieties which are worth mentioning are the high

coefficient of piezoelectric coupling, the high acoustic speeds, the high bandwidth value

and the high thermal conductivity. (INTERRANTE et al., 1989)

Aluminum nitride (AlN), zinc oxide (ZnO) and lithium niobate (LiNbO3) have been

mostly used as piezoelectric material because they have a central asymmetric hexagonal

(Wurtzite) crystal lattice. This characteristic guarantees piezoelectric coefficients different

of zero, i.e., the hexagonal structure is the principal characteristic, which defines the

properties of a piezoelectric material. (EIRAS, 2004) (CHEN et al., 2018)

Many film growth techniques are used to obtain AlN, such as plasma-assisted molecular

beam epitaxy (PAMBE) (IWATA et al., 2007), pulsed laser deposition (PLD) (SURESH;

MUTH, 2008), chemical vapour deposition (CVD) (SATO et al., 2007), ion beam deposition

(IBD), ion implantation (MATSUMOTO; KIUCHI, 2006) and the last but not the least, the

reactive magnetron sputtering (RMS). The latter one is interesting to the microelectronic

market because it is able to produce thin films at low temperature, acquiring an excellent

morphological quality and preferential crystallographic orientation. (PELEGRINI et al.,

2014) (ADACHI et al., 2012)
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1.2 Motivation for the Study

Silicon has been studied for a long time, but currently, its proprieties implemented

with nitrides proprieties have been one of the mains reasons for the microelectronic ad-

vances. The semiconductor nitrides have benefits that make this kind of material in-

teresting to the market. The advantages in this material are that the electrons travel

four times more quickly, support higher temperature than silicon and they have high

hardness. Consequently, many technologies could be developed, such as transistors with

better performance, solar cells, LEDs and sensors. (CHEN et al., 2018)

The SAW sensors have been found commercially for more than 60 years and today

there are several unexplored parameters. The aluminum nitride (AlN) is mainly used

in surface acoustic wave (SAW) sensors because this material allows a high propagation

velocity of the acoustic wave. However, any change in its structural parameters during the

thin film grown can modify the wave speed propagation on its surface. For that reason,

the AlN deposition process becomes a very promising research target. Even a minimal

modification in the deposited film changes the material’s piezoelectricity, interfering in

the sensitivity of the surface acoustic wave sensor.

So, the study of MEMS is increasing exponentially in the last years. According to the

last ten year, the number of publications per year about SAW development is on the rise.

On the other hand, the researches about aluminum nitride for SAW sensor application

did not follow the same way, as shown in Figure 1.2.

FIGURE 1.2 – Numbers of science publication with the topics ”aluminum nitride”, ”surface
acoustic waves sensor” and ”AlN for SAW sensor application”. (SCIENCEDIRECT, 2018)
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1.3 Objectives

The main objective of this work is to find the radio-frequency (RF) reactive sputtering

process deposition conditions to deposit high-quality crystalline aluminum nitride thin

films for application as surface acoustic wave sensors.

1.3.1 Specific Objectives

• Deposition of AlN thin films varying the RF power, nitrogen concentration and

residual pressure.

• To investigate the AlN thin films morphology.

• To study the film crystalline structure.

• To analyze the optical and electrical properties of the AlN thin films.

1.4 Outline

The present work is divided in six chapters, where the first one is about the introduc-

tory part of the work.

The second chapter describes the literature review, presenting a review about papers

and works that involves aluminum nitride deposited by magnetron sputtering. Further-

more, this chapter presents state of the art about deposition procedures of aluminum

nitride thin film to be applied in SAW devices.

The third chapter presents a basic theoretical foundation of nitrides, semiconductor

nitrides, in especially the aluminum nitride, the piezoelectric effects and its importance

in SAW applications.

The fourth chapter describes the experimental procedures used to the AlN thin film

deposition process and the techniques used to characterize it.

The results and a discussion about the deposited thin films are presented in the fifth

chapter.

The sixth chapter relates the main conclusions of this work obtained through the

results and discussions. It also presents some suggestions for possible future works that

can complement the research developed in this work.
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Literature Review

In this chapter is presented a state of art and literature review about aluminum ni-

tride, showing its main deposition techniques, thin film characteristics and analyses for

application in SAW.

The aluminum nitride thin film researches are increasing in the micro-electro-mechanical

system (MEMS) field, especially in SAW devices application. (XU et al., 2001) The depo-

sition of AlN on a silicon substrate is a promising piezoelectric material to be applied in

SAW devices because of its mechanical properties, high thermal conductivity and wide

bandgap. (ALRASHDAN et al., 2014) Also, the AlN with hexagonal wurtzite structure

presents high electrical resistivity, high resistance to breakdown voltage, high acoustic

propagation rate and low-temperature signal loss. (XU et al., 2001)

The AlN has a large band gap (6.2 eV) in III-IV group of semiconductors. (KUMARI

et al., 2014) The AlN with a hexagonal wurtzite crystalline structure has high acoustic

velocity, which turns it an attractive candidate of piezoelectric materials for high-frequency

surface acoustic waves device applications, such as resonators, high-frequency filters and

pressure sensors. (KHAN et al., 2015)

The deposition process requires some care to ensure the best quality of the thin film

deposited. The AlN thin film with desired properties demands a high purity source and

oxygen-free environment due to the high aluminum reactivity with oxygen. (KUMARI et

al., 2014) However, all the physical properties of AlN film are significantly influenced by its

crystallographic orientation. (KHAN et al., 2015) In other words, to guarantee high-quality

crystalline with preferred orientation, homogeneous composition, low surface roughness

AlN films, is essential to have high control of the deposition parameters during the process.

(XU et al., 2001)

Well-oriented AlN thin films can be grown on silicon substrate at relativity low tem-

perature (bellow 300 oC). (ALRASHDAN et al., 2014) So, the most adequate method to
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grow AlN thin film with such quality and deposition condition are the physical vapour

deposition (PVD) method, such as radio frequency magnetron sputtering. (DUQUENNE

et al., 2007)

PELEGRINI analyzed the effect of pressure in the study of piezoelectric materials of

family III-V obtained by reactive sputtering aiming its application in sensors and MEMS.

The parameters used during the deposition process were residual pressure of 5.33× 10−5

Pa (4× 10−7 Torr) with RF power set in 1.23 W/cm2, the gas content with 1:2 (Ar : N2)

and varying the process pressure of 0.27 to 0.67 Pa (2 to 5 mTorr). The results show

that the lower pressure (0.27 Pa - 2 mTorr) increases the deposition rate six times due

to the higher molecule average free path into plasma. So, the authors concluded that

higher deposition rates with lower pressure are due to the AlN molecules trend to arrive

perpendicularly on the substrate surface favoring the columnar growth of AlN crystals

with high piezoelectric constant. The authors also describe that lower process pressure

than the used in the study presented (< 0.27 Pa - 2 mTorr) the plasma is not stable.

ALRASHDAN et al. used DC sputtering to deposit AlN thin films on silicon. The de-

position was performed using 200 W with distance target-substrate of 100 mm for times

of 30 and 60 minutes with 75 % N2. (ALRASHDAN et al., 2014) In this case, the de-

posited films were amorphous as shown the XRD diffractograms of Figure 2.1-(a). The

authors considered that it occurs because of high nitrogen content, which decreases the

momentum at the silicon substrate due to the difference of mass between nitrogen and

argon atoms, consequently decreasing the AlN deposition rate. The same experiment was

performed using 50 % of N2 and the deposited films showed a wurtzite crystal structure

with crystallographic orientation (002), Figure 2.1-(b). It demonstrates the influence of

nitrogen concentration and how it interferes in the deposition rate of AlN at silicon wafer.

(ALRASHDAN et al., 2014)

FIGURE 2.1 – XRD diffractograms of AlN films deposited at 200 W DC and gas flow
rate N2 : Ar (a) 30:10 sccm and (b) 20:20 sccm. (ALRASHDAN et al., 2014)
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DUQUENNE et al. evaluated the influence of nitrogen concentration in AlN thin films

deposited by magnetron sputtering using a gas mixture in the range of 10 to 60 % [R =

N2/(Ar+N2)]. (DUQUENNE et al., 2007) The AlN thin films were deposited using a sample

holder kept 50 mm distant of the aluminum target with rf power fixed in 100 W for 60

minutes and the working pressure varied from 1.0 to 2.5 Pa (7.5 to 18.75 mTorr). The

deposition rate decreases as function of the increase of nitrogen content. The authors

report that this effect is due to the strong nitriding of the target (the target poisoning).

The XRD diagrams of AlN deposited with different nitrogen concentrations, Figure 2.2-

(a), show that peaks with orientation (101) and (100) are related with low and high

nitrogen concentration in the gas mixture, respectively. However, all spectra present a

common peak in 36o assigned to the plane (002). Figure 2.2-(b) shows that the full width

at half maximum (FWHM) obtained by the E2 Raman mode and IR mode of vibration

E1(To) analysis increases with the nitrogen concentration. The authors judge it as a

degradation of the crystalline quality of deposited films. (DUQUENNE et al., 2007)

FIGURE 2.2 – (a)Effect of the nitrogen contents on the AlN thin film structure. (b)
Evolution of the FWHM Raman mode E2 (open circles) and the IR mode of vibration
E1 (TO) of aluminum nitride (bold circle) versus R = N2/(Ar + N2). (DUQUENNE et al.,
2007)

In the article of (KHAN et al., 2015), textured nano-crystalline AlN thin films were

grown on silicon (111) substrate using DC magnetron sputtering with a residual pressure

of about 10−4 Pa (7.5 ×10−7 Torr). The distance target-substrate was kept at 30 mm.

Prior to the deposition process of 40 minutes, was performed a pre-sputtering for 10

minutes with the shutter closed. The deposition pressure was fixed in 6.0× 10−1 Pa (4.5

mTorr) and the DC power maintained in 160 W. Samples were deposited at different

nitrogen content and the XRD spectra are shown in Figure 2.3.

Samples deposited at the same temperature process (500 oC) with low nitrogen concen-

tration (30 % N2) presented peaks in the planes (102) and (103). And the film deposited
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FIGURE 2.3 – XRD spectra of AlN films prepared at various nitrogen condition. (KHAN

et al., 2015)

with 60 % of nitrogen shows a single peak of (002) orientation plane. The FWHM de-

creases with the decrease of nitrogen concentration (60 % N2 - 0.295o and 30 % N2 -

0.246o). However, the crystallite size increases in lower nitrogen content (60 % N2 - 284

and 30 % N2 - 341 Å). The low nitrogen concentration infers in low energy to the de-

positing species and the significant impacts of the heavier argon ion impart energy to

depositing species enabling them to grow in other orientations as (102) and (103).

Furthermore, through spectroscopic ellipsometry (Figure 2.4) the samples were ana-

lyzed the refractive index with two samples varying the deposition temperature (500 oC

and 400 oC). The refractive index (n) acquired in these samples varied in a range of 1.84-

1.9 at 2.3 eV, which is values reported by MAHMOOD et al. and VENKATARAJ et al.. (KHAN

et al., 2015)

The studies of morphological properties of AlN piezoelectric thin films deposited by

DC reactive magnetron sputtering developed by (XU et al., 2001) were realized in a system

with 5.0 × 10−5 Pa (3.75 ×10−7 Torr) of residual pressure. The aluminum target was

cleaned by a pre-sputtering of 15 minutes and the time of deposition process was varied

from 40 and 60 minutes. The nitrogen content was fixed in 50 %, the DC power used was

50 W and the target-substrate distance was 40 mm.
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FIGURE 2.4 – Influence of substrate temperature on the refractive index. (KHAN et al.,
2015)

Figure 2.5-(a) presents the XRD diffractograms for samples deposited with pressures

varying from 0.3 to 1.2 Pa (2.25 to 9 mTorr). Sample deposited at low pressure, 0.3 Pa

(2.25 mTorr), only the (002) diffraction peak at 36o appeared. For pressures of 0.4 Pa (3

mTorr) and 0.5 Pa (3.75 mTorr) the AlN films present peak in the planes (002), (100) and

(101) indicating no preferential orientation. For higher sputtering pressure, only appeared

a preferential orientation of AlN (100) peak at 33.2o, but the peaks intensity decreases and

broadens with the increase of the pressure. The authors describe that the amorphization

effect occurs because of the decrease of energy of the sputtered species due to the decrease

of the mean free path.

The author also shows the AlN thin films structure as function of deposition power

(from 30 W to 100 W) for a fixed pressure of 0.3 Pa (2.25 mTorr), Figure 2.5-(b). The

films deposited at 30 W presented a nonpreferential orientation with peaks of AlN in the

(100), (101) and (002) planes. Films deposited with 40 to 65 W presented preferential

orientation on the (002) plane. For higher power, 80 W, the AlN structure present again a

nonpreferred orientation with the presence of peaks in the planes (100), (002), (101) and

(110). Authors concluded that this may occur because of an increase in the nucleation

rate along with the increase in sputtering rate. In 100 W power deposition, the Al phase is

present in XRD patterns because of the high sputtering rate of aluminum and consequently

the presence of metallic aluminum in the deposited film. But the authors also conclude

that the impact of N2 concentration on the preferential orientation, which is necessary to

identify the best power to the nitrogen content for the desired film proprieties. (XU et al.,

2001)

In addition, XU et al. showed that the target-substrate distance is also an important
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FIGURE 2.5 – The XRD patterns of AlN (a) at different sputtering pressures (N2 50%,
power 50 W, distance D 40 mm); (b) at different target powers (N2 50%, sputtering
pressure 0.3 Pa (2.25 mTorr), distance D 40 mm). (XU et al., 2001)

parameter to define the sputtering pressure and its settings depend upon the desired

orientation structures of the AlN thin films. So, to grow AlN oriented in (002) plane the

curve that defines it is curved I in Figure 2.6. The authors choose pressure of deposition

process of about 0.3 Pa (2.25 mTorr) consequently, the target-substrate distance was 50

mm.

FIGURE 2.6 – Orientation diagram of AlN films under various sputtering pressures and
distances D. (XU et al., 2001)
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The study of the properties of AlN thin films deposited by reactive magnetron sputter-

ing demonstrates the influence of the DC power applied during the process. The deposition

was realized with residual pressure of about 1.0 mPa (7.5 × 10−6 Torr), the pre-sputtering

was made with Ar at 100 W for 20 minutes. The deposition process was performed using

60 % of N2, pressure of 2.0 Pa (15 mTorr), target-substrate distance of 65 mm and process

time of 60 minutes. The DC power was varied from 100 to 400 W. The films thickness

increases with the increase of the applied DC power on the cathode as presented in Figure

2.7-(a). The XRD diffractograms, Figure 2.7-(b), obtained by grazing incidence identify

the same peak at 33.310o in all samples corresponding to AlN (100). The intensity of the

peak increases with the increase of the applied DC power. (KUMARI et al., 2014)

FIGURE 2.7 – (a)Film thickness of AlN films versus applied DC power; (b) GIXRD
diffractograms of the deposited film prepared at different DC power; (a) 100W, (b) 200W,
(c) 300W and (d) 400W. (KUMARI et al., 2014)

AISSA et al. performed the characterization of AlN films deposited by DC magnetron

sputtering (DCMS) and high-power impulse magnetron sputtering (HiPIMS) for SAW

applications. (AISSA et al., 2015) The experiment was developed with target distance from

substrate holder of 30 mm, cathode power of 150 W and the residual pressure of the

system was 6.0 mPa (4.5×10−5Torr). The pre-sputtering was made using argon gas for

15 minutes. The AlN deposition was made in commercial templates of 200 nm thick AlN

epitaxially grown on (111) Si substrate. The deposition process was performed by 12

minutes using 35% N2 and pressure of 0.4 Pa (3 mTorr).

Figure 2.8-(a) shows the XRD spectra with the presence of AlN (002) peak indicating

the preferential orientation on the c-axis that is interesting to SAW application because

of the high-velocity acoustic propagation of this piezoelectric material. The sample A

(Epitaxial AlN/Si (111)) and the sample B (AlN deposited by DCMS on Epitaxial AlN/Si

(111)) have the preferential orientation (002) and they have the same type of tensile
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stress, even when the film thickness of sample B is twice thicker than sample A. On the

other hand, sample C (AlN deposited by HiPIMS on Epitaxial AlN/Si (111)) presents

a broadened (002) peak explained by the authors due to the tensile residual stress from

the epitaxial AlN buffer layer and the compressive residual stress from the AlN layer

deposited by HiPIMS. Furthermore, the Figure 2.8-(b) presents the Raman spectra of the

three samples, where the sample B and C presents a little shift to high energy that the

authors explain by the residual stress of the films. (AISSA et al., 2015)

FIGURE 2.8 – (a)XRD patterns of the AlN thin films; (b) Room temperature Raman
spectra of AlN thin films. (AISSA et al., 2015)

According to LUGHI; CLARKE, in the search of defect and stress characterization of

AlN by Raman spectroscopy, defended that the Raman spectroscopy did not qualify just

the deposited films through measuring the crystallographic texture, but this technique can

also investigate properties that can interfere the MEMS device performance, such as the

acoustic losses. Other important AlN properties that affect MEMS resonator performance

cited by the author are the residual stress, by observing the frequency shift of the Ehigh
2

phonon Raman line, and the defect density, by monitoring the width of the peak. Also,

the author correlated these effects with the oxygen content present in the material.

To experimental analyses, the authors deposited AlN thin film in Si (100) by ac re-
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active sputtering of a pure aluminum target and in the gas mixture of Ar : N2 - 40:20

sccm. The residual pressure before deposition process was < 1.33× 10−5 Pa (10−7 Torr),

the sputtering process was maintained in 1.5 Pa (11.25 mTorr) and the substrate was

preheated until 500oC. The thickness films obtained varied between 1000-2300 nm and

the grain diameter also varied in 50-200 nm, it can be observed in Figure 2.9. In addi-

tion, the authors analyzed the thin films with XRD and Raman techniques. In the XRD,

diffractometry the peak present in the spectra shows that the films were crystalline and

had a preferential orientation with the wurtzite. Investigating the FWHM (full width of

half maximum) of this evident peak (002) was between 1.2o and 2.4o. The Raman presents

a peak at about 520 cm−1 originated from the silicon substrate and the peak at ∼ 658

cm−1 corresponds to the Ehigh
2 mode of AlN. The FWHM of this peak was measured on

the spectra and varied between 10.0 and 17.7 cm−1. Through this technique and the

secondary ion mass spectroscopy (SIMS) was possible to analyze the amount of oxygen

and the defect concentration, measuring the residual film stress and the defect density,

and correlating with the acoustic losses in the UHF regime. For MEMS applications is

very important to minimize the stress and acoustic losses of the material.

FIGURE 2.9 – (a)Scanning electron microscopy image of the cross-section of a typical
AlN film used in this study; (b) Raman spectrum of a typical c-axis textured AlN film
on silicon (100). The inset shows an enlarged view of the spectral region where the Ehigh

2

optical phonon of AlN is visible for three selected samples. The FWHM is also indicated.
(LUGHI; CLARKE, 2006)

ZHANG; CHEN deposited AlN film by RF magnetron sputtering on silicon (100) sub-

strate for application in integrated acoustic resonators. The deposition parameters used

were: residual pressure lower than 4.0 mPa (3 ×10−5 Torr), pre-sputtering with Ar for

15 minutes, substrate temperature of 300 oC, RF power varied from 50 to 200 W, work

pressure of 0.53 Pa (4 mTorr) and a gas mixture containing 60% N2. (ZHANG; CHEN,

2013)
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Figure 2.10-(a) presents the XRD diffractograms of the films deposited at 0.5 Pa (3.75

mTorr) and different RF power. The film deposited at low RF power (50W) shows a

wide band near 34o that corresponds to an amorphous phase. In film deposited at 100

W power, two orientation peaks are evidenced by AlN (002) and (100) corresponding the

angles 33o and 36o, respectively. However, samples grown with high RF power (150 and

200 W) the preferential orientation (002) of wurtzite is evidenced. But authors declare

that further increase of RF power fails to improve the (002) texture of the deposited film.

They believe that need to find another correspondent parameter to obtain the optimum

conditions to obtain hexagonal wurtzite crystalline films.

FIGURE 2.10 – (a)XRD diffractograms of AlN films deposited (a) at 0.5 Pa (3.75 mTorr)
and different RF power; (b) at 150 W for different deposition pressure. (ZHANG; CHEN,
2013)

In the same experiment was investigated the effect of the deposition pressure in the

range of 0.2 to 0.8 Pa (1.5 to 6 mTorr) while keeping the RF power at 150 W and 50%

of N2. Figure 2.10-(b) presents the XRD diffractograms where can be observed that for

pressures < 1.0 Pa (7.5 mTorr) the deposited films show one preferential orientation of

AlN (002).

They also investigated the nitrogen concentration in the gas mixture for pressure of 0.5

Pa (3.75 mTorr) and 150 W of RF power. The XRD diffractograms presented in Figure

2.11-(a) show that only the films deposited with 70% and 100% N2 presented the oriented

peaks of AlN (002). For the other samples with low argon content (80% N2 and 90% N2)

in the gas mixture, the deposited film was amorphous and (200) and (100) oriented AlN

films.

The chemical composition for the AlN film deposited at RF power (150W), work

pressure of 0.5 Pa (3.75 mTorr) and 60% N2 obtained by EDX is shown in Figure 2.11-
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FIGURE 2.11 – (a) The XRD results of the AlN films deposited at different N2:r ratio;
(b) The EDX spectra of the AlN film deposited at the optimized process. (ZHANG; CHEN,
2013)

(b) and contain Al (46.7 %), N (48.4 %) and O (4.9 %), which indicates the presence of

oxides on the film. (ZHANG; CHEN, 2013) The film morphology of this sample is shown

in the micrographs of Figure 2.12. The film surface, Figure 2.12-(a), shows the presence

of crystalline grains, which has haricot shape with nearly uniform size. Figure 2.12-(b)

presents the film cross-section where can be observed the columnar crystal shape with c

axis vertical to the substrate.

FIGURE 2.12 – The morphology of the AlN film deposited at the optimized process, (a)
the surface, (b) the cross-view. (ZHANG; CHEN, 2013)

JOO et al. investigated the optical and structural properties of AlN thin films charac-

terized by spectroscopic ellipsometry. The AlN thin film was deposited on SiO2/Si or Si

substrates by RF magnetron sputtering. The target-substrate distance was kept at 70 mm

and the Al target with a purity of 99.999%. All films except SW series were deposited at

Ar : N2 = 0.8 : 0.3 Pa (6 : 2 mTorr), and the SW series was utilized at Ar : N2 = 0.5
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: 0.3 (4 : 2 mTorr). The best-fit model parameters of AlN thin films are summarized in

Table 2.1 and the spectra in Figure 2.13.

TABLE 2.1 – Best-fit model parameters of AlN thin films. (JOO et al., 2000)

Label
RF Power

(W)

Time

(min)
A B

λ0

(nm)
nf ns σ

S1 150 120 1.08 2.99 138.2 2.05 1.39 0.028

S2 150 250 1.00 3.12 138.6 2.07 1.42 0.050

SO1 120 240 0.97 2.98 139.2 2.03 1.27 0.106

SO2 180 240 1.08 3.19 144.7 2.11 1.35 0.259

SO3 210 240 1.22 3.22 147.1 2.15 1.50 0.318

SWa 180 180 1.10 2.96 142.2 2.05 1.36 0.112

SWb 0.98 3.10 139.6 2.06 1.35 0.105

SWc 1.05 3.02 140.6 2.05 1.29 0.100

SWd 1.00 3.05 139.6 2.05 1.29 0.080

FIGURE 2.13 – Spectroscopic ellipsometry angles measured (open circle) and calculated
from the best-fit model (solid curves). (JOO et al., 2000)
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The thicker films present high oscillation in the ∆ and ψ spectra due to the interference

and present higher fitting errors, as illustrated in Figure 2.13. The films exhibited normal

dispersion and the refractive index at a long wavelength (Figure 2.14). The curves were

acquired with ellipsometry data between 0.7 and 3.2 eV range.

FIGURE 2.14 – Typical refractive index curves for the AlN thin films obtained from the
best-fit parameters in Table 2.1. (JOO et al., 2000)

The authors affirmed that the optical parameters, refraction index (n) and extinction

coefficient (k) are determined by the chemical composition and structural disorder (e.g.

oxygen, impurities, void and lattice defect). So, the correlation between XRD and SE

techniques needs to be an increase discussion, but JOO et al. discussed this apparent cor-

relation with the results of a film with high refractive index and low extinction coefficient

had the best crystalline alignment, which is suitable to SAW devices applications. Also, in

analyses from scanning electronic microscopy (SEM) the films deposited in high pressure

(Ar : N2 = 1 : 0.3 Pa ∼ 8 : 2 mTorr) exhibited low refraction index, poor crystallinity

and high thickness to thickness ratio, in consequence these films presented a columnar

structure with less closely packed boundaries (Figure 2.15-(b)) which are susceptible to

oxidation, as compared with a good textured film (Figure 2.15-(a)).

BRITO studied the fabrication and characterization of SAW sensors based in AlN thin

film. In this study was explored the deposition rate as function of the applied RF power,

pressure and distance target-sample. Figure 2.16 presents an X-Ray diffractogram of AlN
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FIGURE 2.15 – SEM micrographs of AlN films deposited on SiO2/Si at different Ar/N2

partial pressures: (a) 0.8:0.3 Pa (6:2 mTorr) and (b) 1:0.3 Pa (8:2 mTorr). (JOO et al.,
2000)

thin films deposited at 100, 200 and 300 W using a pressure of 0.27 Pa (2 mTorr) and

target-sample distance of 50 mm. Only the AlN thin film deposited using 300 W presented

a hexagonal structure oriented at the plane h-(002). The author explains the formation

of amorphous AlN thin films for the others condition due to the lack of enough energy of

the particles impinging the sample surface to promote the atomic rearrangement or by the

presence of impurities (mainly oxygen) in the gas phase. In addition, the author concludes

that the AlN-(002) orientation was obtained in almost all conditions applied, except when

elevated target-sample distance (70 mm and 100 mm) or high applied pressure, that the

films growth in the planes (100) and (002). (BRITO, 2014)

MEDEIROS studies the growth of SiC, SiC and AlN thin films by dual magnetron sput-
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FIGURE 2.16 – XRD Diffractograms of AlN films in function of applied power, fixing the
values P=0.27 Pa (2mTorr) and d=50mm. (BRITO, 2014)

tering varying the target-sample distance and gas flow aiming aplication in microsensors.

The study showed that the target-sample distance affects directly the deposition rate and

the crystallinity of the films: da−s> 120 mm presented amorphous films and da−s=80

mm highly crystalline. With lower target-sample distance, the film presented low oxygen

concentration. The XRD results showed that the nitrogen content (80% N2) favors the

formation of cubic (100) oriented AlN films. (MEDEIROS, 2012)

OLIVEIRA deposited AlN thin film at different argon and nitrogen flow rate (0 to 280

sccm and 0 to 100 sccm, respectively), substrate temperature (80 to 600oC) and depo-

sition time (1 to 10 hours). The results obtained showed that the AlN refractive index

is relatively insensitive to the variation N2 from 10 to 100%. For high nitrogen content,

the complete nitriding occurs on the target, poisoning it and reducing the deposition rate

changing the sputtering process characteristics, but the films presented highly-oriented

structures. The films were analyzed by ellipsometry technique and, it presented refrac-

tion indices between 2.0 to 2.2 showing that these films presented low impurities. Films

deposited in low reactive gas concentrations presented multi-oriented metallic structure

and/or amorphous AlN films. (OLIVEIRA, 2004) The films were analyzed by Raman spec-
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troscopy and presented typical AlN E1
2 modes in region of 228 - 252 cm−1 and E2

2 modes

in region of 631 - 655 cm−1 (Figure 2.17). (OLIVEIRA et al., 2001)

FIGURE 2.17 – Room-temperature Raman spectra of the AIN films grown on different
substrate materials. All spectra were taken under the same geometry. (OLIVEIRA et al.,
2001)



Chapter 3

Theoretical Foundations

This chapter contemplates a basic theoretical foundation of nitrides, semiconductors

and piezoelectric effects.

3.1 Nitride

The nitrides are chemical compounds formed by nitrogen and it has a wide range of

properties and application, such as:

• Heat-resistance - Refractory;

• Insulating - BN, Si3N4;

• Semiconductors - GaN, AlN;

• Solid lubricants - BN;

• Manufacture cut tools - Si3N4;

• Surface coatings - TiN, Fe2N and

• Fuel cell - Li3N. (PIERSON, 1996)

Nitride is defined by compounds formed by nitrogen and elements of lower or about

equal electronegativity. The nitrides can be classified in five general categories that depend

on the binding element and their electronic structure and binding type. The nitride

categories are illustrated in the periodic table shown in Figure 3.1. (COTTON; WILKINSON,

1972)

The interstitial nitrides are formed by the accommodation of nitrogen in the metal in-

terstice, the difference of electronegativity and atomic size between the atoms being large.
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FIGURE 3.1 – Periodic classification of the elements and the formation of nitrides and
semiconductors of wide gap. Adapted from (PIERSON, 1996)

However, the covalent category occurs when this difference is small and the electronic

bonding being essentially covalent. This category consists of the non-metallic elements

of Group IIIA (B, Al, Ga, In and Tl), besides Si and P, showed in the periodic table of

Figure 3.1. The Groups VIIB and VIIIB form the category of intermediate nitrides, where

the transition metals (Co, Mn, Fe and Ni) are chemically unstable, which the chemical

bond breaks down quickly. (PIERSON, 1996)

The salt-like nitrides are composed of nitrogen and most electropositive elements, such

as the alkali metals and the Group III of the periodic table of Figure 3.1. The difference

of electronegativity between these compounds is large, but the atomic bonding is essential

ionic.

The semiconductors nitrides have wide bandgap semiconductor (WBG), present high

ionicity, very short chemical bonds, low compressibility, good thermal stability and are

inert to chemical and radiation attacks. For that reason, they present a large interest

in the industry besides not presenting risks to the environment. The WBG material

allows the fabrication of devices with the capability to operate at higher temperatures

and high-power switching applications. (YODER, 1996)
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3.1.1 Semiconductors Nitrides

Semiconductors of Group III-V, such as AlN, GaN, InN and their ternary and quater-

nary alloys emit and absorb the wavelength in the visible spectral and short wavelength

as violet and ultraviolet spectra. This Group also has benefits as high spectral selectiv-

ity that allows fine cut-off frequency control by only regulating the molar composition of

their ternary alloys and are ease to manufacturing heterojunction devices. (MONROY et

al., 2003)

These characteristics promote the development of optoelectronic and electronic devices

for high potentials and temperatures. Examples of semiconductor applications are laser

diodes, photodiodes and photoconductivity sensors. Besides emitting and absorb light

applications, these semiconductors groups possess piezoelectric proprieties that allows the

manufacturing of electroacoustic devices to applications in high frequencies as radiofre-

quency filters, sensors and MEMS (Microelectromechanical Systems) devices. (AKASAKI;

AMANO, 1997)

3.1.2 Aluminum Nitride

The aluminum nitride, AlN, is a material with many excellent mechanical, thermal,

optical and electronic proprieties that present an enormous potential to be applied in

various technological applications. An example of it is the high surface propagation wave

speed, the excellent piezoelectric proprieties, the excellent coefficient of electromechanical

coupling, high hardness, high melting point and associated with the chemical stability to

high temperatures (above to 2000 oC). These exceptional combinations make the AlN an

attractive candidate to be applied in temperature and pressure sensors based on surface

acoustic waves, for instance. (CLEMENT et al., 2004) (ELMAZRIA et al., 2006)

AlN can be used as a ceramic substrate to elaborate micro-circuits, mainly in the

aerospace area because it has excellent thermal proprieties such as thermal dissipation.

The AlN also is applied in the light transmitting windows and in emitter devices in UV

region because of its high bandwidth value (∼ 6.2 eV). (STRITE, 1992)

The aluminum nitride (AlN) is formed by the reaction of nitrogen and aluminum

elements. The AlN structure showed in Figure 3.2 is normally hexagonal close-packed

(hcp) of the wurtzite (2H) type (hP4). The AlN with such structure present the higher

piezoelectric coefficient (5 × 10−2C−1) among the nitrides of the IIIA group making it

appropriate to applications such in microelectronics. The AlN has isomorphous crystal-

lographic structure and high resistivity (∼ 1013 Ω.cm). (FIREK et al., 2015)

Figure 3.2 shows the AlN atomic bonding where the aluminum atom is bonded to four

nitrogen atoms in a fourfold coordinated tetrahedral (sp3) arrangement. The aluminum
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has lower electronegativity than nitrogen. However, the nitrogen element has the small-

est atomic radius. The aluminum nitride is excellent electrical insulators because of its

electrons are strongly bonded to the nucleus and are not available for metallic bonding.

(PIERSON, 1996)

FIGURE 3.2 – Schematic representation of the crystal structure of aluminum nitride. a)
Tetrahedron formed by one atom of Al and four of N; b) Unit cell forming the Wurtzite
structure of AlN. (RODRÍGUEZ-CLEMENTE et al., 1993)

Aluminum nitride can be found in three forms: Wurtzite represented in Figure 3.3 is

the most common form because it can be found in room temperature. Both other forms

are the metastable phases: the Zincblende form is more frequently obtained when growth

on Si (001) and GaAs (100) bulk, and a cubic form, known as Rocksalt, that have been

found only in experiments with high pressure. The preferential growth orientation of the

Wurtzite is on the axis c as shown in Figure 3.4. (RODRÍGUEZ-CLEMENTE et al., 1993)

The ionicity of the atomic bond is a powerful parameter to the obtain information
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FIGURE 3.3 – Hexagonal wurtzite structure of aluminum nitride. (FU et al., 2017)

FIGURE 3.4 – Planes for the hexagonal wurtzite structure. (MOURA, 2010)

about the crystalline structure of the AlN. The ionicity can be defined according to the

relation of Equation 3.1, which is a fraction of ionic (fαi ) compared with covalent (fαh ).

The ionicity of the main semiconductors’ nitride is cited in Table 3.1. (ADACHI, 2005)

fαi + fαh = 1 (3.1)

TABLE 3.1 – Ionicity Phillips (fi), Pauling (fPi ) e Harrison (fHi )for the semiconductor
nitrides. (ADACHI, 2005)

Material fi fPi fHi

BN 0,221 0,42 0,43

AlN 0,49 0,56 0,57

GaN 0,500 0,55 0,61

InN 0,578 - -
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The Phillips ionicity is based on the connection between the chemical bonding prop-

erties of the ANB8−N family of crystals and their electronic energy-band structure. Ana-

lyzing the covalent and ionic energy, Phillips found a correlation between chemical bond

ionicity and crystalline structure adopted by the compound that for reduced values of

fi, consequently has high fc and then present tetrahedral structure coordinate zinc-blend

(zb). Wurtzite structure is obtained when the values of fi are high. According to Phillips

the observed chemical bond present in semiconductors and the stabilization of material

structure between zinc-blend and wurtzite is a result of the balance between ionicity and

chemical covalent bond. (PHILLIPS, 1970)

The material symmetry group is defined by the distance between atoms in the crystal

lattice and the arrangement in the structure and it explains the physical and chemical

proprieties of a material. To define the symmetry of a hexagonal structure is necessary to

set the AlN lattice parameters, a = 0.3112 nm and c = 0.4982 nm. The lattice constant

and symmetry are exposed in Table 3.2.

TABLE 3.2 – Crystal structure, space group, lattice constants a and c (T = 300K) for
semiconductor nitrides; d = diamond, zb = blende, h = hexagonal, w = wurtzitic and rs
= cubic. (ADACHI, 2005)

Material Structure Symmetry a (Å) c (Å))

c-BN zb F43m(Td) 3,6155 -

h-BN h P63/mmc(D6h) 2,5040 6,6612

w-AlN w P63mc(C6v) 3,112 4,982

c-AlN zb F43m(Td) 4,38 -

α−GaN w P63mc(C6v) 3,1896 5,1855

β −GaN zb F43m(Td) 4,52 -

InN w P63mc(C6v) 3,5848 5,760

Another parameter that depends on atoms arranged in the structure is the cleavage

plane, this propriety is showed in Table 3.3.

TABLE 3.3 – Cleavage planes for various crystal structures of group III-V. (ADACHI, 2005)

Structure Cleavage Plane

diamond (111)

blende (110)

wurtzite (1120), (1110)

cubic (100)
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Though the AlN has significant mechanical proprieties above mentioned its hardness

(Vickers Hardness) is 12 GPa, the young modulus of elasticity is 315 GPa and the flex-

ural strength is between 590 − 970 MPa. Furthermore, the aluminum nitride is able to

deform plastically to some degrees above the ductile-to-brittle. Besides these mechanical

proprieties, the AlN has high temperature and corrosion resistance. (FITZ, 2002)

Thermal proprieties of monocrystals nitrides are based on the high melting point

(>2000oC), but the aluminum nitride is a material difficult to reproduce the monocrystals

growth. Thus, the AlN melting point can be obtained based on the lattice parameters

using the Equation 3.2. The basic thermal proprieties, such as melting temperature,

specific heat and Debye temperature of some semiconductor nitrides are shown in Table

3.4. (PELEGRINI, 2010)

Tm = 7159− 957a, (3.2)

being

a = lattice parameter for blender and cubic structures

a = aeff , aeff = (
√

3a2c)
1
3 to hexagonal

The AlN has thermal stability up to 2200◦C, thermal conductivity of about 320 W/mK

and has good metallization capacity. (FIREK et al., 2015) Just for comparison, the thermal

conductivity of SiO2 is 1,38 W/mK. This characteristic allows better heat dissipation in

the device where it is applied, increasing the efficiency and consequently, the lifetime of

the device. (PELEGRINI, 2010)

TABLE 3.4 – Melting point, specific heat and Debye temperature for semiconductor
nitrides. (ADACHI, 2005)

Material Tm(K) CP (J/gK) θD(K)

c-BN >3,246 0.643 1,613

h-BN - 0.805 323

w-AlN 3,487 0.28 988

α-GaN 2,791 0.42 821

InN 2,146 2.274 674

Due to these thermal properties’ aluminum nitride is the most appropriate material to

apply in electronic devices that requires high-power demand. The thermal conductivity

of some nitrides is presented in Table 3.5.
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TABLE 3.5 – Thermal conductivity for semiconductor nitrides and other materials of
interest. (QUAY, 2007)

Material K (W/cm K)

Si 148

GaAS 54

InP 68

c-BN 749

GaN 130

w - AlN 285

w - InN 38.5; 45; 80; 176

6H-SiC 390; 490

4H-SiC 330

Safira 42

Diamond 2000; 2500

The methodology to prepare samples needs attention because it can interfere in the

material proprieties, such as optical and electrical proprieties, normally the impurities

found are O, Al2O3, Al2OC. (STRITE, 1992) Impurities make electrical proprieties as

resistivity varies in a very large range of 1011 to 1013 Ω.cm. The AlN also has one of

the highest surface acoustic waves (SAW) speed (approximately 5500 m/s), making it

a material attractive to Si integrated circuit application and in the fabrication of SAW

devices. (PELEGRINI; PEREYRA, 2010)

The impurities effect in the material also produces a strong changing in the dielectric

strength that varies from 1 to 6 MV/cm. (GEROVA et al., 1981) (TSUBOUCHI; MIKOSHIBA,

1985) Normally, the typical value of the bandgap corresponding to the Al-N bonds is

around 670 cm−1 and can be decreased with post-processing annealing, due to the nar-

rowing of the width of the vibrational band which contributes to an improvement in the

crystallinity of the film. (INTERRANTE et al., 1989)

The typical bandgap values (∼ 6.2 eV) is also affected by the presence of the impurities

in the deposited film. (PASTRÅÁK; ROSKOVCOVÁ, 1968) Figure 3.5 shows the bandgap

energy values as function of the lattice constant for the nitrides with wurtzite structure as

AlN, GaN and InN that have direct bandgap structure. When the aluminum or gallium

nitrides are in the cubic form, they have indirect bandgap structure.
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FIGURE 3.5 – Bandgap energy versus network parameters. (MOURA, 2010)

3.1.3 Piezoelectric Effect

Piezoelectric materials are characterized by their capability to transform electric stim-

ulus in mechanical waves and mechanical stimulus in the electric signal. This occurs as

consequence of the piezoelectric effect that was discovered in 1880 by the brothers Curie,

Jaques and Pierre. It is presented in a natural form in many material classes such as

semiconductors, ceramics and composites. Other materials can acquire this effect when

they are submitted to high electric fields close to Curie temperature and in these cases,

they are called ferroelectric materials. (HRIBŠEK et al., 2010)

This effect can be classified in direct or converse effect. The direct effect consists

of the electric field generation in a material through of a mechanical tension applica-

tion that causes a deformation in its structure (Figure 3.6). But the converse effect is

when mechanical deformation of material occurs from an external electric field applica-

tion. (EIRAS, 2004) The piezoelectricity depends directly on the crystal structure of the

material, so amorphous materials are not piezoelectric material. Then, the piezoelectric

properties define the performance of the electroacoustic device. (NOYAN, 2013)

The piezoelectric effect occurs due to the lack center symmetry present in the material

structure. When a mechanical deformation occurs, the charge within the material reor-

ganizes, in consequence of it a dipole moment obtain value other than zero and thus the
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FIGURE 3.6 – Mechanism of piezoelectric effect in quartz. (GUPTA et al., 2014)

electric field arises. However, when the material is exposed to an external electric field,

the lattice atoms tend to reorganize to acquire a dipole inverse of this field implying in

mechanical deformation. (WEIGEL et al., 2002)

AlN has also piezoelectric coefficient d33 of 5.1 ± 0.1pmV −1. (WRIGHT, 1998) The

piezoelectric response of AlN with structure wurtzite comes from each dipole of all grains

comprising the film. Hence, a film structure with high c-axis oriented yields a higher

electromechanical coupling coefficient (k2
t ), collaborating to the same sign to piezoelectric

response as shown in Figure 3.7. In this context, is important to have c-axis oriented film

with low oxygen content (below 1%) to guarantee a good piezoelectric response. Others

factor that also interferes the piezoelectric response are the surface roughness, crystal

morphology (grain size) and substrate type, which shows that the deposition parameters

control is essential in order to reach these piezoelectric requirements. (IBORRA et al., 2004)

(PELEGRINI; PEREYRA, 2010)

Piezoelectricity is utilized in various application such as radio transmission, filter tech-

nology, nano-positioning, measurement of pressure, velocity and acceleration, gas sensor,

biological sensor and others. (NOYAN, 2013) In 1965 the SAW sensor was developed and

first used by White and Voltmer. Figure 3.8 shows the first sensors developed that are fab-

ricated by the deposition of a piezoelectric material on a substrate with a metal structure

deposited in bar forms on the top of the piezoelectric material. These metallic bars struc-

tures are called inter-digital transducers (IDT) and normally SAW sensor is composed of

one or more IDTs set pairs. (WHITE; VOLTMER, 1965) The piezoelectricity of materials is

essential for propagating surface waves between a transmitting and receiving transducer.
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FIGURE 3.7 – Schematic of the dipole distribution along a piezoelectric net: (a) grains
aligned in various directions and (b) grains aligned along the same direction. (LÓPEZ,
2016)

In other words, it consists mainly in the production of mechanical vibrations on a sub-

strate through the application of an alternate electrical potential or vice versa. (BRAY

et al., 1987) Then, the transducers are resonators utilized to produces acoustic waves in

piezoelectric substrates through the direct and converse piezoelectric effect, respectively.

According to WHITE; VOLTMER, the IDT geometry, the chosen piezoelectric material and

the electromechanical coupling plays fundamental role in the SAW sensor response and

its operational sensibility. (COVACEVICE, 2012)

FIGURE 3.8 – Surface acoustic waves sensor. (WHITE; VOLTMER, 1965)



Chapter 4

Experimental Procedure

The present chapter describes the methodology used in this work and the characteri-

zation techniques to analyze the thin film proprieties.

This work consists in define a methodology to obtain the best parameters of thin film

deposition of aluminum nitride by reactive magnetron sputtering aiming applications in

SAW devices. The methodology of the work illustrated in the diagram of Figure 4.1 was

divided into two sections: deposition parameters and thin films characterization.

The deposition parameters considered to be analyzed in this process were the applied

RF power, the nitrogen concentration and the reactor residual pressure. The material

characterization was carried out by mechanical and optical profilometry, X-ray diffraction,

Raman spectroscopy, spectroscopic ellipsometry and field emission gun scanning electron

microscopy.

4.1 Thin Films Deposition System

The aluminum nitride (AlN) thin films deposition were performed using an experi-

mental apparatus composed by:

• Process chamber;

• Gas injection system;

• Vacuum system;

• Pressure monitoring;

• Power supply system.
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FIGURE 4.1 – Methodology diagram.

Figure 4.2 presents photography and schematic diagram of the deposition apparatus

used in this work.

The depositions processes were performed in a stainless-steel cylindrical chamber with

650 mm diameter, 500 mm depth with two observation windows. The AlN thin films

were deposited using a 203.2 mm in diameter magnetron cathode with a 6.35 mm thick

aluminum target of 99.99% purity. The magnetron cathode is cooled by water and contain

permanent magnet set inner housed generating a magnetic field with approximately 500

Gauss.

The sample holder is a flat circular support with 110 mm diameter allowing the use of

silicon wafers up to 101.6 mm in diameter. The substrate holder also has a vertical degree

of freedom which allows varying the distance between the substrate holder and the target.

Between the sample holder and the target, there is a shutter so that when the target is

being cleaned the substrate is protected and not contaminated by the ejected oxides and

impurities of the target. A type K thermocouple is fixed in the sample holder surface to
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monitor the temperature during the deposition process.

FIGURE 4.2 – (a) Magnetron sputtering system used to deposit AlN thin films. (b)
Schematic drawing of the vacuum chamber with its main constituent parts. (BRITO,
2014)

The gas injection system is composed of gas flow controller system (MKS 247C model)

coupled to four mass flow controllers (1159B-MKS model) with maximum flow rate of 100,
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200, 20, 50 sccm used for argon, nitrogen, oxygen and hydrogen injection, respectively.

However, only these controllers do not guarantee complete closure of their needle valves

and leakage may occur. Therefore, the plasma system has pneumatic on/off valves between

the mass flow controllers and the chamber to ensure complete closure of the gas injection

circuit.

The vacuum system is composed of a mechanical pump (E2M-18 model, Edwards) and

a diffusion pump (Diffstak model, Edwards). The latter one is cooled by a thermostat

water bath equipment (TE-184 model, Tecnal) and it has a trap of liquid nitrogen to

prevent the plasma chamber contamination by oil vapors back-stream.

The residual and working pressure are measured by Ion Gauge and Baratron type

pressure meters, respectively.

The power supply system consists of an analogical radio-frequency source connected

by BNC cable to the magnetron cathode. This system is composed of an RF power

supply (RF Generator - ENI: Model ACG - 10B) and an RF impedance matching an-

tenna (Plasma-Therm: Model 1000E) that can be set manually or automatically. This

equipment allows applying power between 0 - 1000 W with a resolution of 20 W.

4.2 Parameters for Thin Films Deposition of AlN

The AlN thin films were deposited on crystalline (100) p-type silicon substrate with

1-10 Ω − cm resistivity and on microscope glass slides. Both of them were positioned

in the center of the sample holder and maintained 50 mm distant from the target. This

distance was determined by the literature as acceptable because it is within the range of

30 to 70 mm to get oriented AlN in the crystalline plane h-(002). (IRIARTE et al., 2010)

(XU et al., 2001)

The silicon wafer was cleaned by a standard process called RCA-1. This procedure

removes organic residues and elimination of native oxides on the silicon wafer surface. It is

based on H2SO4 (sulfuric acid) and H2O2 (hydrogen peroxide) for the decontamination of

organic materials and on HF (fluoride acid) for native oxides elimination. This ensures an

effective cleaning by reducing or eliminating impurities in the substrates. The microscope

glass slides were previously cleaned by a chemical procedure with C3H6O (acetone) and

C3H8O (isopropyl alcohol) in ultrasound (15 min each) and rinsed in deionized water.

Before each deposition process, the deposition chamber was pumped out for approxi-

mately two hours to reach a residual pressure of 1× 10−4 Pa (1 ×10−6Torr). During this

period the substrate holder was heated up to 150 oC for 20 minutes to help the system

vacuum cleaning. Then, the heating was turned off and waited the temperature came back
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to room temperature prior to the deposition process. Prior to the deposition process, the

target was cleaned (pre-sputtering) for 40 minutes. During the deposition process, the

heating device was turned off. The deposition parameters investigated were: RF power

(160, 200, 240 and 300 W); nitrogen flow rate (6, 7 and 10 sccm) and residual pressure (1

mPa and 0.1 mPa - 10−5 and 10−6 Torr) that are detailed for each sample on Table 4.1.

TABLE 4.1 – Experimental parameters.

Sample

Power

Supply

(W)

Nitrogen

Concentration

(%)

Residual

Pressure

(Torr)

S200-N100-P5 200 100 5×10−5

S200-N70-P5 200 70 5×10−5

S200-N100-P6 200 100 2×10−6

S200-N70-P6 200 70 2×10−6

S200-N60-P6 200 60 2×10−6

S160-N70-P6 160 70 2×10−6

S240-N70-P6 240 70 2×10−6

S300-N70-P6 300 70 2×10−6

The deposition time was fixed in 240 minutes (4 hours) and the work pressure was

kept at 0.27 Pa (2 mTorr) for all deposited samples.

4.3 Film Characterization Techniques

The characterization techniques were chosen to determine the film thickness, the chem-

ical composition, chemical bond structures and the crystallographic orientation of the

deposited material.

• Profilometry

To measure the thickness of the deposited films was necessary to use a mechanical

mask covering the sample during the deposition process with a silicon piece. The step

formed on the surface sample presents a region with aluminum nitride deposited and other

uncoated, just the silicon substrate.

The high of the formed steps on each sample, that gives us the coating thickness, were

measured by mechanical profilometry using a profilometer (KLA Tencor - P-7) available

at Laboratório de Caracterização de Materiais (LabMat) from Laboratório de Plasmas e



CHAPTER 4. EXPERIMENTAL PROCEDURE 58

Processos (LPP) of Instituto Tecnológico de Aeronáutica (ITA) and an optical non-contact

profilometer (Cyber - CT 100) situated in the Centro de Competência em Manufatura

(CCM), a laboratory associated of ITA.

The stylus profilometer has as principle the displacement measurement of a contact

sensor (diamond-tipped needle) that slowly scans from the step created between film to

substrate, acquiring the substrate profiles of its surface. With this profile is localized the

film step and is measured the vertical distance between the substrate surface and the

film surface resulting in a thickness measure. In all samples were realized five thickness

measurements in distinct regions of step in order to verify possible non-uniformities in the

film thickness. All these evaluations are made by the software Profiler 8.0.

The method measures the film thickness was determined using a non-contact pro-

filometer through a chromatic white light sensor. The confocal microscope of chromatic

aberration can define the thickness gap between the substrate and the deposited films.

The software used to analyze the sample measurement is the ASCAN Software that allows

obtaining a comprehensive profile, 3D and roughness analyses conforming to DIN ISO.

The method was set to analyze an area of 12 mm × 2 mm with lowest superficial defects.

The scan was realized with 10 nm/s and the light was set to 70%. In all samples were

collected three measurements in different regions of the step-in order to verify possible

non-uniformity in the film thickness. With this technique was possible to acquire data

as the height average, the RMS roughness (Rq) and a 3D projection of the surface and

demonstrate the thickness step, estimating the thickness of deposited film.

The thickness values presented is this work for each sample are the mean values of

the measures performed by the mechanical (5 measurements) and optical profilometers

(3 measurements). The error bar was obtained by the standard deviation of the eight

measurements.

• X-Ray Diffraction

The XRD (X-Ray Diffraction) is a technique used to material analysis, providing infor-

mation as crystallinity, grain size, stress and crystal orientation. It uses a monochromatic

beam of X-Ray to determinate interplanar spaces of the analyzed material. (ZACHARI-

ASEN, 2004) This technique stands out from the other of microstructural material char-

acterization techniques because it does not need complex methods for the sample prepa-

ration, is a non-destructive technique and allows the analysis of heterogeneous materials

with phase mixing. (CULLITY, 1978)

The plane orientation of material can be defined by this scattered process, once each

crystallographic orientation has a distinct diffraction angle. This distinction is obtained

through Bragg laws, which correlates the incident beam wavelength (λ) with a distance
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of adjacent planes (d) and diffraction angles (θ). The Bragg law is described in Equation

4.1. (CULLITY, 1978)

nλ = 2d sin θ (4.1)

The peak shapes and width of the X-ray diffraction are determined by the microstrains,

crystallite size and the instrumental operation setup. For example, the diffraction peak

is broadened with the presence of small crystallite and/or heterogeneous microstrains

(Figure 4.3). (ICHIKAWA, 2013)

FIGURE 4.3 – Contributions of the materials’ structure to the line broadening of diffrac-
tion profiles. (NOYAN; COHEN, 1987) Adapted from (ROBATTO, 2017)

The profile diffractions of the samples are treated following a Voigt function, which is

the results of the convolution of Gaussian (βfG) that describes the enlargement of the pro-

file related to the microdeformations and Lorentzian (βfL) that describes the enlargement

related to the mean crystallite size (Figure 4.4). (LANGFORD et al., 1991) (ICHIKAWA,

2013) The Kα2 separation also was treated, once the spectra are symmetrical for this

function assumptions. With these functions is possible to analyze the full width of half

maximum (FWHM), peak area and the intensity of microstrains. (WARREN, 1959)

The crystallite size is reported in nm for each individual crystallographic phase. The

crystallite size is the average size of a coherent scattering domain (perfect arrangement

of unit cells or perfect crystal). The crystallite size may affect some properties of the

material as dissolution, material strength, catalytic activity, product aging to state few.

It is important to take into account that crystallite size and grain size is not necessarily

the same thing, since a grain may be composed of multiple crystallites.

The traditional measurement of crystallite size is by the Scherrer equation, which

shows that the crystallite size is inversely proportional to the peak width (βfL), which is

the FWHM fitted in the peak, using Equation 4.2. Where λ is the wavelength of the

X-Ray, θ is the angle of Bragg diffraction and k is a constant in a range of 0.62 to 2.08
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FIGURE 4.4 – The convolution of a Gaussian function (dash-dot line) and Lorentzian
(dashed line) provide a Voigt function (continuous function). (ICHIKAWA, 2013)

which depends on the crystallite shapes in this work was considered spherical particles,

so the k used was 0.9. (CULLITY, 1978)

C =
kλ

βfLcosθ
(4.2)

Note that one average crystallite size is reported for the entire sample and the crys-

tallite size distribution can be estimated.

Therefore, Stokes and Wilson (1944) defined Equation 4.3 to determine the micros-

trains. (LANGFORD; WILSON, 1978)

ε =
βfG

4 tan θ
(4.3)

The ε is the range of microstrains that is the results from the extreme values of lattice

spacing. (LANGFORD; WILSON, 1978)

The X-Ray diffractometer used in the present work was a PANalytical Empyrean and

the obtained data were treated using the HighScore software. The measurements were

performed using Cu Kα radiation with wavelength of 1.5418 Å. The equipment is located
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in LabMat of LPP-ITA.

• Field Emission Gun Scanning Electron Microscopy

The Field Emission Gun Scanning Electron Microscopy (FEG-SEM) was used to eval-

uate the surface morphology of the deposited AlN thin film such as the presence of im-

perfections and the formation of structures. The energy-dispersive X-ray spectroscopy

(EDX) technique was used to investigate chemical characterization and elemental com-

position measurements. The equipment used to realize both techniques was Vega3 by

TESCAN operated at 30 kV at Laboratório Associado de Sensores e Materiais (LAS)

from Instituto Nacional de Pesquisas Espaciais (INPE).

• Raman spectroscopy

Raman spectroscopy is widely used to detect the phonon vibration properties in mate-

rials and is also a practical method for studying stress of III-IV semiconductor including

AlN. (WANG et al., 2013) In addition, it has the advantage of being a non-destructive,

non-contact character and do not need special sample preparation. (BUMBRAH; SHARMA,

2015)

The Raman spectroscopy consists to analyze the vibration state of material molecules

correlating the energy of the scattered photons with the Raman displacement around a

wavelength of incident laser radiation. This direct analysis is called Stokes and anti-Stokes

wavenumbers. (SMITH; DENT, 2005)

According to the group theory, hexagonal wurtzite AlN structure belongs to the space

group (C4
6v − P63mc) with four atoms in the unit cell. (MCNEIL et al., 1993) Theory

analysis predicts six optical vibration modes. (DAVYDOV et al., 1998) The optical modes

are represented as A1 + 2B1 + E1 + 2E2, being the modes A1, E1 and E2 Raman

actives and the B1 modes are silent (FILIPPIDIS et al., 1996). The A1 and E1 modes are

polar modes, which mean that the energies of these modes depend on the direction of

propagation of the phonon relative to the optical axis (MCNEIL et al., 1993). In addition,

they are divided into longitudinal optical (LO) and transversal optical (TO). (FILIPPIDIS

et al., 1996)

The Raman was analyzed by glass and the spectra are analyzed observing the peaks

characteristics as shown in Figure 4.5. The peak positions are responsible to identify

the molecular structure of material analyzed. The height of the peak is correlated with

the substance concentration and the width of the peak indicates the crystallinity of the

material, Figure 4.5-(a). The Raman Shift (the shift of the peak position) can indicate

the presence of residual tensile or compressive stress inside the crystal.
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FIGURE 4.5 – Raman spectra (a) mainly characteristics; (b)with peaks shifted and the
correlation with the residual stress. (NANOPHOTON, 2018)

To analyze it, is used the method FWHM of the Ehigh
2 band measured in the samples.

According to KUBALL et al. FWHM around of 3 cm−1 is reported for the highest quality of

aluminum nitride bulk single crystals and PERLIN et al. reported that 50 cm−1 for highly

defective crystals. So, any intermediate value of FWHM of a Raman peak indicates that

the AlN films present high quality, however, it is not free of any concentration of defects,

as shown in the Figure 4.5-(b). (KANG et al., 2005) (LUGHI; CLARKE, 2006)

In addition, the difference between peak positions, the difference of intensity ratio and

the presence or absence of a specific peak are characteristic that defines that the material

is formed by polymorphs crystal (Figure 4.6). This kind of material occurs when the

chemical composition is the same, but the crystal structure is different. (WARREN, 1959)

FIGURE 4.6 – Identification of crystal polymorphs. (NANOPHOTON, 2018)

The Raman spectra are also used to identify the energy characteristics of chemical

bonds or distinguish different phases within the same material. (SMITH; DENT, 2005)

The Raman spectroscopy was used to study the AlN films deposited on glass, using a

LabRAM Horiba Evolution equipment with a Neodymium (Nd) solid state laser - YAG

at 532 nm. The LabRAM HR Evolution uses the Lab Spec 6 software to data acquisition
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and analyses of the spectra. The system is installed at Laboratório de Caracterização de

Materiais (LabMat) of Laboratório de Plasmas e Processos (LPP) of ITA.

• Variable Angle Spectroscopic Ellipsometry

Variable angle spectroscopic ellipsometry (VASE) is an optical technique for investigat-

ing the dielectric properties (complex refractive index or dielectric function) of thin films.

Ellipsometry is based on the measurement of the change of polarization upon reflection or

transmission and compares it to a theoretical model. The ellipsometry technique consists

of a measurement of polarization variation of light after it is reflected or transmitted from

the sample. The obtained data is analyzed using a model that considers the substrate,

the film and its roughness. The experimental curves are fitted with the data obtained

from the model curves. By varying the parameters values of the AlN film in the model

the theoretical data approach the model curve with the experimental data curve, then the

desired data values are obtained as shown in Figure 4.7. (HORIBA, 2008) The polarization

change is affected by the optical properties and the film thickness and is described by

amplitude ratio (ψ) and phase difference (∆). (TOMPKINS et al., 2005) The ellipsometry

technique can evaluate the multi-layered film providing parameters of each layer. (KIM;

VEDAM, 1988)

FIGURE 4.7 – Spectroscopic ellipsometry methodology. Adapted from (HORIBA, 2008)

It can be used to characterize the material composition, roughness, thickness (depth),

crystalline nature, doping concentration, refractive index, extinction coefficient, electrical
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conductivity, bandgap and other material properties. It is a nondestructive and very

sensitive technique to the change in the optical response of incident radiation that interacts

with the material being investigated. (LOSURDO; HINGERL, 2013)

The ellipsometry also can be utilized in-situ monitoring of thickness and refractive

index of the growing film which are interesting to understand the thin film growth mech-

anism. (MENG et al., 1993) (NAKAMURA, 1991) The refractive index (n) of AlN at 632.8

nm varies depending on its structural order: 1.8 - 1.9 for amorphous films, 1.9 - 2.1 for

polycrystalline films, and 2.1 - 2.2 for epitaxial films. (EDGAR, 1994)

The operating principle of ellipsometry applied in this work is denominated polariza-

tion modulation ellipsometer (PME), it shows optimized acquisition speed and a larger

spectral range from the IR to the UV. The high acquisition speed is due to the pres-

ence of photoelastic modulator (PEM) whose acquisition frequency is around 50kHz. The

drawbacks of this ellipsometer are the chromatic behavior of the modulator and the sophis-

ticated optical calibrations. This type of ellipsometer allows extremely accurate results,

thanks to the high performing electronic system.

The measurement of this technique yields experimental data that needs to be fitted

to a model to determinate the unknown sample parameters. So, for this is considered

an error denominated as goodness of fit (GOF) that is defined through χ2 that present

low values to a good fit, as shown in Equation 4.4. The spectra of Ψ and ∆ then the χ2

value is compared to each theoretically calculated pair (Ψth, ∆th) and the experimental

determined pairs (Ψexp, ∆exp).

χ2 = min
n∑
i=1

[
(Ψth −Ψexp)

2
i

ΓΨ,i

+
(∆th −∆exp)

2
i

Γ∆,i

]
(4.4)

with Γi the standard deviation of each data point.

The measurements were performed from 0.6 to 6.5 eV with 0.02 eV steps at an angle

of 70o. Each sample measured generate four curves (Is and Ic) for each incident angle.

After the measurement of samples, the modeling process is realized, it is the experimental

curves of each sample are fitted for curves generated by the software of DeltaPsi available

with the equipment used.

The optical constants for the elliptic constants were determined through fitting the

elliptic constants with the Adachi-New Forouhi (ANF) dispersion model. The mathe-

matical model uses relations called dispersion formula that help to evaluate the optical

properties of the material by adjusting specific fit parameters. For this work, was used

the Tauc-Lorentz dispersion formula that works particularly well for amorphous mate-

rial exhibiting an absorption in the visible and/or far utlraviolet (FUV) range (absorbing

dielectrics, semiconductors and polymers). (HORIBA, 2008)
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The equipment used was an UVISEL 2 Spectroscopic Ellipsometry from HORIBA

driven by the DeltaPsi2 software. It is also installed at LabMat of Laboratório de Plasmas

e Processos (LPP) of ITA.



Chapter 5

Results and Discussion

In this section is presented the results and discussions obtained for each parameter set

chosen to the deposition process of AlN thin films and their characterization according to

the morphology and structure crystallinity of the deposited thin films.

The influence of parameter set on each sample, such as residual pressure, nitrogen

concentration and applied RF power is discussed below.

5.1 Film Deposition and Thickness

As mentioned on the experimental procedures, Chapter 4, this work is based on de-

position and characterization of eight samples grown at the conditions described in Table

4.1.

The variation of the substrate temperature as function of the time during the de-

position process for all deposited samples is presented in Figure 5.1. The temperature

increases linearly at a rate of about 1.2 degrees/min during the pre-sputtering process

(first 40 minutes) and continues to increase at the same rate during the first 30 minutes

of deposition process (total time 70 minutes). After that, the heating rate decrease and

the sample temperatures reach the maximum values that are in the range of 110 to 130
oC that were maintained constant up to the end of the deposition process, except for

sample S300-N70-P6. The maximum temperature value for each sample depends upon

the variation of the deposition power and/or the nitrogen content on the gas mixture,

once the pressure was kept at 0.27 Pa (2 mTorr) for all samples.

In the case of sample S300-N70-P6, grown at 300W, the temperature takes a longer

time (120 minutes) to reach the maximum value (about 175oC). The temperature also

presented a higher variation (about ± 5oC) value compared with the other sample (±
2oC), which indicates that the plasma presents some instability at this condition of high
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FIGURE 5.1 – Sample heating rate during the deposition process. The heating was caused
only by the plasma process.

RF power (300 W) and low deposition pressure (0.27 Pa - 2 mTorr). For RF power higher

than 300 W and at this pressure, the plasma starts to present some small sparks.

Figure 5.2 shows the images, obtained by chromatic aberration microscopy (CAM), of

part of the surface of all samples. The images were obtained in samples areas partially

covered during the deposition process in order to leave a step to measure the coating thick-

ness. The film thickness values obtained, as well as, the surface roughness are presented

in Table 5.1. The surface roughness increases with the increase of the applied RF power

most probably due to the increase of the deposition rate and high energy bombardment

of the impinging species on the coating surface.

Figure 5.3 presents the AlN film thickness as function of the nitrogen content in the

gas phase for all deposited samples and these values are summarized in Table 5.1. The

thickness evolution can be better observed in Figure 5.4, where is presented the thickness

versus RF power only for samples deposited with 70% of nitrogen in the gas mixture,

but the case of sample S200-N70-P5 will be discussed later. As expected, the thickness
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FIGURE 5.2 – Images of the sample profiles obtained by CAM.

increases linearly with the RF applied power up to about 200W. This is associated with

the increase of the RF energy supplied, which gives an increase of density of ionized species

in plasma and the increase of energy of particles hitting the target enhancing the ejection

rate of the material. Then, the deposition rate starts to decrease for higher values of RF

power and in these cases reaches a plateau at thickness of about 1800 nm. The decrease

in the deposition rate when high RF power is applied can be associated with the increase
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of the plasma volume that will cover all the substrate surface producing a re-sputtering

process of the deposited AlN thin film, once the sample is only 50 mm from the magnetron

cathode surface.

TABLE 5.1 – Thickness and roughness of AlN thin films by profilometry technique.

Sample

Power

Supply

(W)

Nitrogen

Concentration

(%)

Thickness

(nm)

Roughness

(nm)

S200-N100-P5 200 100 595±20 71±13

S200-N70-P5 200 70 785±10 83±35

S200-N100-P6 200 100 712±42 111±8

S200-N70-P6 200 70 1410±89 142±17

S200-N60-P6 200 60 1277±67 173±28

S160-N70-P6 160 70 555±20 302±6

S240-N70-P6 240 70 1823±28 84±11

S300-N70-P6 300 70 1833±56 244±18

FIGURE 5.3 – Thickness samples as function of the nitrogen content in the gas mixture.

The deposition rate of the two samples deposited at the same RF power and nitrogen

content (S200-N100-P5 and S200-N100-P6) presented a quite different deposition rate.
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FIGURE 5.4 – Thickness of the samples deposited with 70% N2 as function of the applied
RF power.

This difference may be associated mainly with different residual pressure. In the case

of higher residual pressure, the plasma atmosphere has the presence of high amount of

oxygen that is highly reactive compared with nitrogen. The oxygen reacts with the target

surface forming an oxide rich ceramic thin film (oxynitride), target poisoning effect, that

has lower sputtering yield compared with aluminum nitride formed in the target surface in

the case of deposition at lower base pressure. Despite that, the electronegativity of oxygen

and the formation of negative ions in the plasma turn it less efficient than nitrogen to eject

atoms from the target surface. The high base pressure during the deposition process of

the sample (S200-N100-P5), occurred by the presence of some leak in the plasma reactor

and the residual pressure reached only 7 mPa (5 × 10−5 Torr), leaving to deposition of

an amorphous AlN as will be shown by the X-ray and Raman characterization. The

chemical composition obtained by EDX for the samples S200-N100-P5 and S200-N70-P5

(both deposited with higher residual pressure) presented high oxygen concentration in

the film compositions indicating that was deposited an aluminum oxynitride film. The

measured chemical composition for sample S200-N70-P5 was 32.1 % O, 26.8% N and

41.1% Al.
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5.2 X-Ray Diffractometry

The diffractograms of all deposited samples are presented in Figure 5.5.

As the AlN thin films were deposited to silicon wafer, it can be observed the presence

of the silicon peaks assigned to the orientations (200) at 33o and (400) at 61.7o, as shown

in the diffractogram of Figure 5.6. The sample S200-N100-P5 did not present evident

diffraction peak indicating that the deposited film is amorphous. Sample S200-N70-P5

presented a small diffraction peak at about 36o which can be assigned to the plane h-

(002) of AlN. The assignment of the XRD peaks to Wurtzite AlN structure was based

on International Centre for Diffraction Data JCPDS card # 01-070-2545 and the peak

position for the plane h-(002) is 2θ = 36.023o.

As mentioned earlier, these two samples, S200-N100-P5 and S200-N70-P5, where

grown when the reactor presented a small leak and the residual pressure obtained was

only 7 mPa (5 × 10−5 Torr). This effect decreased the deposition rate, once they pre-

sented only about 600 and 800 nm thick, respectively, and high level of contaminants,

mainly oxygen, shown by the EDX analysis, illustrated in Figure 5.7. This fact shows

that to grow well oriented aluminum nitride thin film, the gas mixture must be well

controlled and free of oxygen.

For the other samples S200-N100-P6 to S300-N70-P6, the diffractogram presented a

hexagonal structure of wurtzite that is indicated by a well-defined peak h-(002) at 2θ =

36.023o. (CHENG et al., 1996) Sample S8 also presented the diffraction peak at 2θ = 33.2o

that is not an AlN peak because no AlN peak is located at 2θ position smaller than that

of AlN h-(002) according to the powder pattern of JCPDS card #25-1133.

For (100) oriented silicon wafer examined with Cu Kα radiation, the only diffraction

peak expected is (400) reflection because other (100) reflections are forbidden due to their

vanishing structure factors (CULLITY, 1978). This peak is easily differentiated from the

thin film peaks due to its high intensity and low FWHM. Although the corresponding

interplanar spacing coincides exactly with the (200) reflection of silicon, Si that forbidden

as mentioned above, see Figure 5.6. (CULLITY, 1978) In fact, this peak originates from

the multiple diffractions that are the result of consecutive diffractions by different planes.

(CHANG, 1984) It means that the diffracted beam from the first set of reflecting planes

serves as the incident beam of the second set of reflecting planes, and the diffracted beam

may be diffracted further by other planes. This results that the final diffracted beam, with

respect to the original incident beam, may appear to correspond to a forbidden reflection.

However, multiple diffractions occur only when the sample is rotated (along with the

sample normal) to one of the specific azimuthal angles. In the present work did not

take care about of the silicon wafer orientation during the XRD measurement, and in
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FIGURE 5.5 – XRD diffractograms for all deposited AlN thin films.
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FIGURE 5.6 – Diffractogram of the type-p Si (100) used as substrate to growth AlN thin
films.

particular, this sample was analyzed with a rotation that favored the multiple reflections.

The effect of the Si wafer rotation in the XRD measurements of the other samples was

minimized and the multiple reflections effect were not pronounced.

Table 5.2 summarizes all the information obtained from the diffractograms of Figure

5.5, as peaks positions (2θ), full width at half maximum (FWHM), constant from Gaussian

convolution (βfG), constant from Lorentzian convolution (βfL), both constant result in a

Voigt function described in Section 4.3, crystallite size (C), area under the peaks (A),

coating thickness (t), A/t ratio and intensity of microstrains (ε).
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FIGURE 5.7 – Micrographies of sample S200-N70-P5 deposited AlN thin films in 200W
with 70% N2 and high residual pressure (10−5 Torr).
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The sample S200-N100-P5 did not present an evident peak, demonstrating an amor-

phous structure, so for this sample is not present in Table 5.2. The h-(002) peak position

of sample S240-N70-P6 at 36.029o are in excellent agreement with the reference value

of JCPDS card (36.023o), indicating that the AlN thin film deposited in this sample is

crystalline with hexagonal wurtzite structure.

Samples S200-N70-P6, S200-N60-P6, S160-N70-P6 and S300-N70-P6 also presented h-

(002) peak position close to the reference value, meaning that the gas mixture containing

70% of nitrogen and 30% of argon (60% N2 + 40% Ar for sample S200-N60-P6) is an

excellent condition to growth crystalline AlN film using RF power in the 160 to 300W

range.

Regarding the sample S200-N70-P5, the h-(002) peak position presented a small shift

to high angle (36.194o), which can be associated to a decrease of the distance of the

adjacent planes of the crystalline structures as explained in Section 4.3, Figure 4.3. This

effect can be produced by the presence of defects on the crystalline network, such as

vacancies, which results in compressive residual stress on the film and are indicative of its

amorphization.

Otherwise, the sample S200-N70-P6 presented the AlN h-(002) peak shifted to the

left side (36.001o). Based on Section 4.3, this small shift can be related with the increase

of the interplanar distance. Consequently, the crystalline structure presents a tractive

residual stress between its adjacent planes that may indicate a non-crystalline film, allow-

ing the presence of defects as interstitial atoms. This sample also presented high oxygen

content (16.3% O, 40.5 % N and 43.2 % Al obtained by EDX) which can also contribute

to the increase in the tractive residual stress. Figure 5.8 shows a micrographies of the

surface of samples S200-N70-P6 (Figure 5.8-(a)) and S240-N70-P6 (Figure 5.8-(b)) ob-

tained by FEG-SEM. In the case of sample S240-N70-P6 (crystalline with h-(002) peak

at the reference position), presents an AlN film surface with large grain indicating that

they had a planar growth relatively free or with low stress. Also, this sample presented

low oxygen content (2.7% O, 47.1% N and 50.2% Al). On the other hand, the surface of

sample S200-N70-P6 shows small grains with flapped ends indicating that the AlN film

was growth at higher stress level.

The FWHM is a crystalline indicative which says that the more lattice planes with

identical orientation are contributing to a diffraction peak, the sharper the diffraction

pattern will be and small the FWHM will be indicating an improving in the short-range

atoms ordering. The opposite (high FWHM) means that the film is losing the identical

lattice plane orientation and turning an amorphous material. The highest FWHM value

obtained was for sample S200-N70-P5 (0.28024o) which indicates that the AlN film is

poorly crystalline for reasons already discussed above. The other samples presented small

FWHM values showing that the deposited film presents a good lattice plane h-(002)
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orientation as also confirmed by the very low peak shift from the reference peak position.

FIGURE 5.8 – Micrographies of samples deposited AlN thin films (a) S200-N70-P6 de-
posited with 200W and (b) S240-N70-P6 deposited with 240W in a zoom in 1 µm, 500
nm and 200 nm.

In special the sample S200-N100-P5 presented lower FWHM (0.16289 o). However, this
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sample presented a small left shift in the AlN h-(002) peak indicating that the columnar

deposition occurred with a tractive residual stress. This was associated with the deposition

atmosphere containing 100% of nitrogen as discussed above.

As described in Section 4.3, the crystallite size (C) is the average size of the coherent

scattering domain that is the perfect arrangement of the unit cells or a perfect crystal.

Sample S200-N70-P5 presented the lower value for the crystallite size (37 nm) indicating

that the AlN film deposited in this sample present a small coherent scattering domain

that is typical of poorly ordered structures. This result is in agreement with the ratio

area below of peak curve h-(002) and the film thickness (A/t) that gives an estimate

of the quantity of crystallites responsible for the diffracted beam in the angle position.

Large ratio value (0.47 for sample S200-N70-P5) indicates that there are a large number

of very small crystallites and the material with crystallinity. The main reason for the

small crystallite size is the elevated content of impurities (mainly oxygen) in the film due

to the condition of the deposition process already discussed.

On the other hand, sample S240-N70-P6 presented the highest value of crystallite size

(117 nm), showing that the AlN film deposited has a well ordered structure with large

and coherent scattering domains that are in agreement with the low A/t ratio (0.13) and

as can be observed by the good quality of the h-(002) peak in the diffractogram of Figure

5.5.

The other samples presented intermediate crystallite size and A/t ratio confirming

that the crystalline quality of the AlN films is improved for depositions with gas mixture

containing 60 to 70% of nitrogen and RF power from 160 to 240 W.

5.3 Raman Spectroscopy

The Raman spectra of all investigated sample deposited onto glass are illustrated

in Figure 5.9 and the Raman parameters are summarized in Table 5.3. The AlN films

deposited on glass substrates were analyzed by XRD diffractometry and did not show

significant difference from the AlN thin film deposited on silicon substrate. For that

reason, the Raman measurements were performed on the samples deposited on glass to

avoid the strong Raman signal from silicon.
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FIGURE 5.9 – Raman spectra of the aluminum nitride films varying deposition parame-
ters, such as residual, initial temperature, nitrogen concentration and RF power.
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TABLE 5.3 – Raman reference values of the E2 modes in cm−1. (MCNEIL et al., 1993) The
Elow

2 , Ehigh
2 and FWHM(Ehigh

2 ) from Raman spectra of the AlN film varying deposition
parameters.

Mode Elow
2 Ehigh

2 FWHM(Ehigh
2 )

PPPPPPPPPPPPPPPPP
Samples

Reference

Values 248 657 -

S200-N100-P6 - 656 67

S200-N70-P6 245 654 16

S200-N60-P6 - 657 38

S160-N70-P6 245 653 17

S240-N70-P6 244 653 29

S300-N70-P6 244 652 20

The sample S200-N100-P5 and S200-N70-P5 did not present any peak in the Raman

analyses indicating that the film growth in the sample S200-N100-P5 is amorphous and

in the sample S200-N70-P5 are weakly ordered, as discussed in the previous section.

AlN films deposited at samples S200-N70-P6, S160-N70-P6, S240-N70-P6 and S300-

N70-P6 presented apparent AlN characteristic peaks Ehigh
2 at 657 cm−1 and Elow

2 at 248

cm−1. The intensity of E2 peaks define that the deposited film is preferably h-(002)

oriented AlN film. So, the broadening of while E2 peak is attributed to the crystalline

deterioration or intrinsic stress. The intensities of the Elow
2 are very weak but are enough to

determine the peak positions. The peak positions, for both Ehigh
2 and Elow

2 , presented very

small left Raman shift (4 cm−1) from the reference value indicating that the deposited

AlN films are crystalline and with low content of impurities, as observed by the XRD

analysis. However, the peak intensities, mainly for Ehigh
2 , presented a more pronounced

difference, which can be associated with the film thickness that is different for each film.

On the other hand, this small variation in the intensities of the peaks and peak position

shift can also be related with the presence of residual tensile stress on the film due to ion

bombardment of the film surface caused by the RF power applied during the deposition

process, once the other parameters were the same for the four samples. The increase of

applied RF improves the growth of well oriented AlN films as shown by the quality of the

Ehigh
2 peaks, except for the case of sample S240-N70-P6.

XRD analysis showed that the AlN film deposited on sample S240-N70-P6 has large

crystallites that are related to the presence of large coherent scattering domain. The

FEG-SEM micrograph of the surface of this film, Figure 5.8, also shows the presence of

large grain indicating that the film was grown with certain degree of freedom in the planar
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directions, which corroborates with the large crystallites size calculated. Then, the reason

why the Ehigh
2 peak for this film presented large FWHM (29cm−1) compared with 16,

17 and 20 cm−1 for the films of samples S200-N70-P6, S160-N70-P6 and S300-N70-P6,

respectively, need to be better investigated.

The AlN films deposited on the samples S200-N100-P6 and S200-N60-P6 only pre-

sented a small a protuberance in the region of Ehigh
2 . However, as illustrated in Figure

4.6, the absence of a peak for materials that already show to be crystalline by the XRD

diffractogram may be associated with crystal polymorphism. These films were grown at

gas mixture containing 60 and 100% of nitrogen, respective, and need more investigation

to determine the presence of AlN polymorph crystal at deposition in low (60%) and very

high (100%) nitrogen concentration.

5.4 Variable Angle Spectroscopic Ellipsometry - VASE

The analysis of the data obtained by VASE was performed using a structural model

that describes the type of substrate. To study the deposited AlN thin films in this work

were used two structural models depicted in Figure 5.10. The structural model 1, Figure

5.10-(a), is based in a Si (001) substrate with a dense AlN coating with thickness t1 and

a very thin layer of thickness t2 of porous AlN (50% of AlN and 50% of void) to simulate

the surface roughness, on top of it. The structural model 2, Figure 5.10-(b), consists of a

Si (001) substrate with a dense AlN coating with thickness t1, a layer of thickness t2 of

a less dense AlN (80% of AlN and 20% of void) and a very thin layer of thickness t3 of

porous AlN (50% of AlN and 50% of void) to simulate the surface roughness, on top of it.

FIGURE 5.10 – Structural model applied in the spectroscopy of ellipsometry for samples
(a)S200-N100-P6 to S240-N70-P6; (b) S300-N70-P6.

The structural model 1 was used to study the samples S200-N100-P6 to S240-N70-P6

and the structural model 2 to study the sample S300-N70-P6. As described in the previous

section, the elevated amount of oxygen present on the composition of the AlN deposited on
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samples S200-N100-P5 and S200-N70-P5, indicates that, in fact, it was grown amorphous

oxynitride films as shown by the XRD and Raman analysis. For that reason, the two

models presented here for the ellipsometry analysis do not fit well this material and these

results will not be presented here.

All analyses of the ellipsometry spectra were obtained at the same conditions using

photon energy range from 0.5 to 6.5 eV (UV to near IR - 2480 nm - 190 nm). Some

samples presented a very high absorption at photon energy of about 5.5 eV.

Figure 5.11 presents the ellipsometric measured curves for Is and Ic, as well as the

curve fit for the structural model 1 for the AlN coatings deposited on samples S200-

N100-P6 to S240-N70-P6 and structural model 2 for AlN deposited on sample S300-

N70-P6 as function of the photon energy. This adaptation of structural model only to the

sample S300-N70-P6 indicated that this sample presented a high roughness or non-uniform

deposited film, which can explain the reason of the high peak of silicon in XRD analyses,

once the diffraction analyzed more silicon in valleys between deposited AlN films than the

other samples. The surface roughness and film thicknesses (t1, t2 and t3) measured by

profilometry and ellipsometry technique are exposed in Table 5.4.

TABLE 5.4 – Ellipsometry data as thickness and roughness compared with profilometry
techniques of the samples of AlN film varying deposition parameters.

Samples
Thickness Roughness

Profilometry Ellipsometry Profilometry Ellipsometry
tp

(nm)
tT

(nm)
Rq

(nm)
t2

(nm)
t3

(nm)

S200-N100-P5 595±20 797±10 71±13 9±1 -
S200-N70-P5 785±10 1305±29 83±35 13±1 -
S200-N100-P6 712±42 775±19 111±8 23±1 -
S200-N70-P6 1410±89 1228±23 142±17 19±1 -
S200-N60-P6 1277±67 1143±17 173±28 25±1 -
S160-N70-P6 555±20 638±12 302±6 19±1 -
S240-N70-P6 1823±28 1616±29 84±11 21±1 -
S300-N70-P6 1833±56 2021±53 244±18 11±2 23±2

The bandgap energy (Eg) from the fitting and through Tauc-Lorentz method and the

χ2 error obtained from the curves fittings are also summarized in Table 5.5.

As the deposited AlN films are quite thick (650 to 1850 nm) the ellipsometry spectra

present a large number of interference fringes. Adding to that, most of the AlN films start

to present an important absorption for photon energy greater than 4.5 eV, which makes

relatively difficult to obtain a good fit with the described structural and mathematical

models. For that reason, the obtained χ2 error values (58 - 153) were relatively high

compared with the values (3.2 - 4.3) described in the literature. (KHAN et al., 2015)
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FIGURE 5.11 – Spectroscopic ellipsometry experimental data measured Is (blue symbols)
and Ic (red symbols) with the curve fit (lines) versus the energy for the AlN films of samples
S200-N100-P6 to S300-N70-P6.
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TABLE 5.5 – Ellipsometry data from the spectra and mathematical model of the samples
of AlN film varying deposition parameters.

Sample χ2 n
Bandgap - Ellipsometry

(eV)
Bandgap - Tauc-Lorentz

(eV)
S200-N100-P6 153 2.15 4.85±0.08 6.15
S200-N70-P6 103 2.21 5.08±0.07 5.59
S200-N60-P6 58 2.08 5.20±0.04 5.48
S160-N70-P6 126 1.80 5.78±0.07 5.98
S240-N70-P6 81 2.28 4.57±0.08 5.47
S300-N70-P6 128 2.30 4.57±0.11 5.34

Nevertheless, most of the literature studies only analyze the spectra up to 2.3 and 4.0

eV, that means the region free of the film absorption. Even so, it was possible to obtain

AlN properties values that are reasonably in agreement with the expected values.

The thickness and surface roughness values obtained by VASE for all AlN films ana-

lyzed have the same behavior of the measured values obtained by profilometry. It must

be pointed out here that the deposition system does not have a rotating substrate holder,

which implies that the film thickness presents some non-uniformity across its surface. This

is evidenced during the profilometry measurement and the values presented here are the

mean values of eight measurements at a different position on the sample surface. The

VASE analysis was performed in only one point on the coating surface, which may natu-

rally expect a small thickness difference that is added to the mathematical model fitting

procedure.

Figure 5.12 presents the film thickness obtained by VASE and profilometry. Despite

the above mentioned differences and simplicity of the used models, the results obtained

by VASE have the same behavior of the results obtained by other methodologies.

The bandgap energy values obtained by VASE presented values relatively lower than

the expected values (Eg = 5.9 - 6.2 eV) for the AlN thin films. The main reason for

that must be related with the mathematical model used that do not completely takes

into account the effect of the film absorption for high photon energy (> 4.5 - 4.0 eV) and

then underestimating the bandgap energy values. This means that more work needs to

be done in order to improve the mathematical model to reliably represent the deposited

AlN thin films. The bandgap values obtained by the Tauc-Lorentz method Figure 5.13

presented values closer to the expected values for the AlN films, indicating that the grown

AlN films are with good quality as already confirmed by the XRD and Raman analysis.

For a better comparison, Figure 5.13 presents a plot with the bandgap energy obtained

by VASE and Tauc-Lorentz method.
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FIGURE 5.12 – Thickness comparison between profilometry and ellipsometry technique.

FIGURE 5.13 – Bandgap energy analyzing through the ellipsometry and the Tauc-Lorentz
method.

Figure 5.14 presents the plot of the refractive index (n(λ)) as function of the wavelength

(λ). The graphic presents the typical behavior of the refractive index. In most of the

reference the refractive index (n) is described in one standardized wavelength value (that
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was defined for the red radiation with frequency f = 4.7376 × 1014Hz and wavelength

λ = 623.8nm). This wavelength is highlighted in Figures 5.14.

Then the obtained values for n at 632.8 nm for the AlN films deposited on the samples

S200-N100-P6 to S300-N70-P6 are between 1.8 to 2.3, which are in good agreement with

the values described in the literature (1.9 to 2.1). In the case of the n = 2.3 for the

sample S300-N70-P6, it may be overestimated due to the lack of good model fitting (χ2

error of 128). Nevertheless, this range of values can be associated with the AlN films

properties that were discussed in the XRD and Raman analysis that are mainly related

with the structure and level of contamination of these films. The curves also show that

the optical response of films grown by sputtering is strongly influenced by the structural

disorder present either by amorphous regions or by grain boundaries or by stresses within

the crystalline regions.

FIGURE 5.14 – Refractive index (n) versus the wavelength for the AlN films of samples
S200-N100-P6 to S300-N70-P6.
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Conclusions

In this work was reported a systematic study of the reactive sputtering process to de-

posit AlN thin films on (100) p-type silicon wafers aiming applications on surface acoustic

wave sensors. Two conditions of residual pressures (5 × 105 Torr and 2 × 106 Torr) in

the plasma reactor were addressed in order to determine the sensibility of the contami-

nating in the formation of crystalline AlN films. The deposition at these two conditions

with different nitrogen content in the gas mixture and different RF plasma power was

well succeeded and the best conditions for deposition of crystalline AlN films for SAW

applications were determined.

All AlN thin films deposited on the condition of high residual pressure presented high

oxygen content (> 30%) indicating that the deposited films are an oxynitride film instead

of aluminum nitride. These films presented an amorphous structure which is not desirable

for applications in SAW devices.

All films deposited at lower residual pressure in the plasma reactor presented com-

position of AlN with lower content of oxygen (< 3%) and were crystalline presenting

hexagonal wurtzite structure with preferential orientation (002).

The nitrogen content in the gas mixture does not affect the crystallinity of the de-

posited films, however, high nitrogen content (100%) reduce at about 50% the deposition

rate of the AlN due to the target poisoning. 70% of nitrogen in the gas mixture proved

to be the favorable condition to deposit well oriented hexagonal crystalline AlN with high

deposition rate for the temperature and target to substrate distance used.

The crystalline structures were improved with the increase of the RF power applied in

the range of 160 to 300W. The coating thickness and the surface roughness also increase

with the increase of the RF power.

The refractive index, n, values for the crystalline AlN films obtained by spectroscopic

ellipsometry are in good agreement and also in agreement with the values described in
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the literature. The values of n increase with the increase of the applied RF power, that

is, increase with the crystallinity improvement.

The bandgap energy obtained by spectroscopic ellipsometry is slightly lower than the

values obtained by the Tauc-Lorentz method. This difference is related to the relatively

poor quality of the curve fitting between the experimental data and the mathematical

model used. Although the mathematical model takes into account a theoretical absorption

of the AlN thin films for photon energy greater than 4.5 eV the structural and/or the

mathematical model must be improved.

6.1 Future Directions

Despite the good results obtained in this work, there are some works to be done, in

order to clarify some points aiming the improvement of the deposition methodology for

AlN thin films as well as, for its characterization. Among then we have the need of:

• To investigate other parameters of thin film deposition such as working pressure,

deposition temperature and the effect of the AlN film annealing after the deposition;

• Characterization of the deposited AlN film by XPS and RBS to see the real chemical

composition;

• More work in the spectroscopic ellipsometry model to take into account the absorp-

tion model;

• Build SAW devices to test the piezoelectric properties of the films.
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7. INSTITUIÇÃO(ÕES)/ÓRGÃO(S) INTERNO(S)/DIVISÃO(ÕES):
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