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ABSTRACT 5
This work investigates the physical properties of Al;_Sc,N thin films sputtered at low temperatures by varying the process conditions. E
Specifically, the films were deposited at room temperature by applying a radio frequency power equal to 150 W to an AlSc alloy (60:40) §
target, varying the nitrogen flux percentage in the (Ar+ N,) sputtering atmosphere (30%, 40%, 50%, and 60%) and keeping constant the &
working pressure at 5x 107> mbar. The structural and chemical properties of the Al;_,Sc,N films were studied by x-ray diffraction and
Rutherford backscattering spectrometry techniques, respectively. The piezoelectric response was investigated by piezoresponse force micros-
copy. In addition, the surface potential was evaluated for the first time for Sc-doped AIN thin films by Kelvin probe force microscopy,
providing piezoelectric coefficients free from the no-piezoelectric additional effect to the mechanical deformation, i.e., the electrostatic force.
By alloying AIN with scandium, the piezoelectric response was strongly enhanced (up to 200% compared to undoped AIN), despite the low
deposition temperature and the absence of any other additional energy source supplied to the adatoms during thin film growth, which
generally promotes a better structural arrangement of polycrystalline film. This is a strategic result in the field of microelectromechanical
systems completely fabricated at low temperatures.
© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0202683
. INTRODUCTION as lead zirconate titanate (PZT), limiting its effective integration

Piezoelectric thin films represent an indispensable building into p1ezoelectf1c devices. . . .
block in microelectromechanical systems (MEMS), which find One POSSlble fipproach to improve the plezoeleﬁctrlc response
application in many fields, spanning from telecommunication to of AIN thin films is to alloy the binary compound.” To this aim,
energy harvesters or biomedical devices.'™ AIN is one of the most AIN doping with scandium (Sc) represents a potential way for
studied piezoelectric materials for MEMS thanks to many advan- high-performance piezoelectric films.”" The synthesis of crystal
tages coming from its extraordinary physical and chemical proper- ~ wurtzite Al;_,Sc,N alloys” is a great and recent challenge in the
ties together with the compatibility of the growth process with scientific community since it is not easy to achieve.
standard CMOS technology.™” A drawback of AIN is its low piezo- Sputtering is the most widely used technique to realize
electric response as compared to more conventional materials such Al Sc,N films of good structural quality,'’”'° due to lower
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process complexity such as lower deposition temperature compared
to other techniques.'”~*" It is known that high substrate temperature
promotes the films’ densification through the diffusion of the inci-
dent species on the surfaces as also the improvement of morphologi-
cal, optical, and electrical properties of the films.”' On the other
hand, low substrate temperatures have important advantages from a
technological point of view, considering that not all substrates can
withstand high temperatures as also that low substrate temperatures
could favor the device fabrication that monolithically integrates
AlN-based thin films with temperature-sensitive materials.”

In 2009, Akiyama et al.” reported the AIScN solid solution
films deposited at 580 °C on Si(100) substrates using a dual radio
frequency (RF) magnetron reactive co-sputtering, in which only the
wurtzite phase was observed for the Sc contents less than 0.41 with
a remarkable degradation of the structure quality for Aly¢;Sco 33N
film. In the wurtzite structure, they evaluated an increase of the pie-
zoelectric response equal to 400% compared to the AIN film.

The piezoelectric characterization of Al,_,Sc,N thin films
reported in the literature is mainly performed by the Berlincourt
method”*™*® demonstrating that when Sc concentration in the AIN
matrix exceeds the value of 50%, the piezoelectric properties get
lost.">”” In Ref. 23, the most intense piezoelectric response is
obtained when the Sc concentration is equal to 42%. On the con-
trary, few works are reported in the literature about piezoresponse
force microscopy (PEM) characterization of Al;_,Sc,N thin films.
In Ref. 19, the ternary films deposited on GaN substrates by MBE
exhibit a dj; value equal to 15 pm/V when x =0.18, with a 150%
enhancement in the piezoelectric coefficient compared to the AIN
film (6 pm/V). Sc concentration higher than 0.18 causes a decrease
of the piezoelectric coefficient attributed to a worsening in the crys-
talline quality. For Sc composition near 0.18, the literature reports
ds5 values of 5,°° 7,” and 14 pm/V.” It is remarkable to highlight
that ds; values reported from the literature for Al;_Sc,N thin films
and obtained by the PFM measurement have never been corrected
from no-piezoelectric additional signals such as electrostatic
contribution.

The aim of this work is to study the chemical, structural, and
piezoelectric properties of sputtered Al;_,Sc,N thin films by using
an AlSc alloy target, by tuning the nitrogen flux percentage in the
(Ar+N,) reactive process atmosphere. In addition, through the
evaluation of the surface potential by Kelvin Probe Force
Microscopy (KPFM), this investigation provides for the first time
the piezoelectric coefficient of this new ternary material free from
the no-piezoelectric additional effect to the mechanical deforma-
tion, ie., the electrostatic force. All depositions were conducted at
low temperatures, making easier and compatible the integration of
the piezoelectric thin films in microelectromechanical systems

TABLE I. Main characteristics of the analyzed thin films.
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(MEMS) fabrication based on CMOS technology. It could be
argued that high temperatures favor a more ordered structural
arrangement of thin films but at the same time, they often limit the
material choices in MEMS structures.”’

Il. EXPERIMENTAL DETAILS

Al;_SciN thin films were deposited by RF magnetron sput-
tering technique using AlSc alloy (60:40) target (4 in, in size)
known for its advantages in terms of deposition rate, industrial
scalability, and constant Sc content across large substrates com-
pared to the process using two monoelemental targets.”” All films
were deposited on 200 nm-thick titanium seed layer, sputtered on
Si (100) substrate (size 15 x 15 mm?). Before the depositions, the
chamber was evacuated down to 5x 1077 mbar. The deposition
processes were conducted at room temperature, at a pressure equal
to 5x 107> mbar and RF power applied to target equal to 150 W.
The maximum temperature reached during the sputtering deposi-
tion was 55°C (measured by thermocouple). The target-substrate
distance was 11 cm. Nitrogen flux percentage Py, = % x 100

in the sputtering atmosphere was the tuned parameter, keeping
constant the total gas flow (20 sccm). Py, was fixed at four values,
30%, 40%, 50%, and 60% in order to study its influence on the
physical properties of the nitride films. The films were labeled
according to the nitrogen percentage as AIScN_30, AIScN_40,
AIScN_50, and AIScN_60. Their thickness, evaluated by profilome-
ter (KLA Tenkor-P7), varies from 800 to 1300 nm (see Table I).

The elemental composition of the films was investigated by
the Rutherford Backscattering Spectrometry (RBS) technique. RBS
analyses were carried out at the CEDAD-Centre of Applied
Physics, Dating and Diagnostics (University of Salento) by using a
3MV Tandetron accelerator.”” The ion beam (2MeV He'* ion
beam, radius of 1 mm, current of 10-20 nA) was directed perpen-
dicularly to the film surfaces. The RBS signals were recorded by a
Canberra PIPS detector (active area of 25mm?, thickness of
300 um, and resolution of 18 keV) positioned at an angle of 170°
with the incident normal to the sample. The spectra were analyzed
by SIMNRA software, which enabled the stoichiometric composi-
tion of the films and their thickness to be determined.

The crystalline structure and crystal orientation of Al;_,Sc;N
films were analyzed by x-ray diffraction (XRD, Rigaku Minifex
x-ray diffractometer) in Bragg-Brentano geometry by using the
Cu-Ko radiation and scanning angle of 26 = 10°-80°. The spectra
curves were fitted by a Voigt function to extract the full width at
half maximum (FWHM) for crystal quality assessment. The mean
crystallite size D normal to diffracting planes was evaluated by the

Scherrer formula: D = /%’}4 where K is the shape factor of the

Sample label Do/ ( Dy + Day) (%) Roughness, Ry (nm) by AFM Thickness (nm) by profilometer ds; (pm/V) by PFM
AIScN_30 30 8.0+1.2 1340 + 150 34+0.6
AIScN_40 40 45+0.1 975+92 11.1+£1.9
AIScN_50 50 24+0.2 820 £ 85 36+04
AIScN_60 60 1.4+0.1 775+ 72 1.7+0.1
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average crystallite with a value of 0.9, 4 is the x-ray wavelength
(1.5405 A for Cu target), 8 is the FWHM in radians, and 0 is the

Bragg angle.

Surface topography and morphology were analyzed by Atomic
Force Microscopy (AFM) using a Nanosurf CoreAFM instrument.
The same apparatus was also used for piezoresponse force micros-
copy (PFM) and Kelvin probe force microscopy (KPFM)

measurements.

AFM topography 2D and 3D images were acquired over 2
x 2 um? scan areas (resolution of 256 x 256 points) in non-contact
mode, at room temperature, and in air environment. Silicon probe
tips with diamond-like-carbon conductive coating (MULTI75E-G)
were used at the typical resonance frequency of 75kHz, with a

constant force of 3 N/m.

Piezoelectric amplitude and phase, and sample topography
signals were recorded simultaneously for PFM measurements, by
scanning 0.5 x 0.5 um” areas at ten different positions on the films’

surface. First, periodically poled lithium niobate LiNbO; (PPLN)
single-crystalline 500 um-thick plate with roughness less than

10 nm, cut normal to the polar axis (PFM03- NT-MDT Spectrum
Instruments), was used for system calibration to ensure 180° phase

shift between inverted piezoelectric domains. An alternating excita-
tion voltage of 10V with a frequency of 20kHz was applied
through a Silicon probe tip with Cr/Pt conductive coating
(MULTI75E-G, applied force equal to 20 nN) and the scans were
performed in contact mode. The films were characterized by apply-
ing an alternating voltage V¢ in the range 1-5V with a frequency

of 3kHz, very far from the tip resonance frequency (75kHz).
KPEM analyses were performed on 0.5 x 0.5 um? areas at three dif-

ferent positions on the films’ surface. During KPFM measurement,
a Vuc voltage with an amplitude equal to 3V and a frequency of
17 kHz were applied to a MULTI75E-G cantilever. Before measur- )
ing the samples, the work function of the probe was calibrated by Si
using a sample test with Al and Au line arrays, and the work func-

tion of the tip was evaluated.

lll. RESULTS AND DISCUSSION

A. Structural and chemical analyses of Al,_,ScyN thin

films

As already reported in Sec. I, the percentage of nitrogen reac-
tive gas in the mixture [®y,/(Pn2+ Par)] has been selected as a
tuned parameter to vary the Sc content in the growing films and
study the evolution of their physical properties. As expected, the
deposition rate decreases with nitrogen flux percentage increasing
in the sputtering mixture, as depicted in Fig. 1.7

Taking into account the ions species available in the plasma,
the more massive Ar" ions have a higher sputtering yield than N*
and N*" and they increase the deposition rate when predominant
in the sputtering mixture (nitrogen percentage equal to 30% and
40%). At the same time, target poisoning increases with rising
nitrogen content in the deposition chamber, as confirmed by the
trend of the target bias voltage. As it can be observed from Fig. I,
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FIG. 1. Deposition rate and target bias voltage vs nitrogen flux percentage Pys
in the sputtering reactive mixture.

The incorporation of Sc atoms into the AIN wurtzite structure
was verified by non-destructive RBS analysis that provides elemen-
tal depth profiles of the samples. Figure 2 reports the RBS spectra
of the investigated Al;_,Sc,N thin films varying reactive gas per-
centage in the chamber.
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FIG. 2. RBS spectra of the analyzed Al;_,Sc,N thin films by varying Py, per-
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TABLE Il Elemental composition of the analyzed films as found by RBS
measurements (the associated error is 1%).

Sample Al (%) N (%) Sc (%) O (%)
AIScN_30 41 40 12 7
AlScN_40 39 41 16 4
AIScN_50 39 43 15 3
AIScN_60 42 44 9 5

All the spectra were analyzed by SIMNRA software; the red
dots are the experimental data while the blue line represents the
best fit obtained by entering Si, Ti, Al, Sc, N, and O elements in the
software. The spectra show well-defined Sc and Al signal margins,
indicating good film quality in terms of uniformity, low surface
roughness, and good substrate—film interfaces.

The signal of the titanium seed layer is clearly visible for all
the investigated films and its position is related to the film thick-
ness. The nitrogen signal is visible only in the spectrum of
AlScN_30 film, as it is not covered by the signal of Ti, which is
positioned at low energy.

The signals coming from silicon (low energy part of the spec-
trum) are also visible and constitute the substrate, unlike the
oxygen which is covered by the other signals. It should be noted
that although the oxygen signal is not directly evident in the
spectra, its presence and concentration were estimated indirectly by
optimizing the fitting between the simulated and experimental
spectra. In fact, simulations performed without oxygen were
inaccurate.

The composition analysis calculated by using SIMNRA soft-
ware is reported in Table II. It clearly indicates that scandium is
incorporated in non-negligible amounts, from 9% to 16%, in accor-
dance with what is reported in other papers.””"” The thicknesses of
the films, evaluated by SIMNRA software by considering for the
ternary compounds a density equal to 3.28 g/cm’,’” and calculated
as an average value on three points around the center of the
samples, belong to the same range found by profilometer
measurements.

Furthermore, considering the RBS spectra and the elemental
analyses reported in Table I, it can be deduced that:

« the increasing of nitrogen in the films is compatible with a
higher N, concentration in the sputtering chamber available for
the films” growth;

« the difference of scandium ratio between the film and the alloy
target is due to differences in the single element sputtering yield,
because the sputtering yield of scandium is lower than that of
aluminum; moreover, it has been already reported in the litera-
ture the important role of target surface nitridation too, causing
the reduction of the Sc content in the deposited films compared
to the initial target composition;*®

« the detected oxygen content can be ascribed to different sources:
the background contamination in the films, the silicon-titanium
oxidated interface, and the oxidation of the films’ surface after
air exposure;

ARTICLE pubs.aip.org/aip/jap

o the highest oxygen content is found in the film with a lower
nitrogen content being O atoms substitutional of N ones; and

o the Sc/Al ratio and the composition between the films and target
are different: several phenomena involved in the sputtering
process, i.e., atoms re-evaporation and re-sputtering by backscat-
tered neutral Ar, make challenging the control of the stoichiome-
try of the deposited films compared to alloyed target one.””

Figure 3 shows the structural evolution of the Al;_,Sc,N thin
films through the XRD spectra, by tuning the reactive gas percent-
age from 30% to 60%.

All nitride films show only the (002) diffraction peak of the
wurtzite phase, besides Ti peaks used as a seed layer to promote
the growth along ¢ axis, advantageous for a more intense piezoelec-
tric response. N, gas concentration in the sputtering mixture has a
strong influence on the Al;_,Sc,N thin films crystalline quality,
being closely related to the Sc content. It is evident from Fig. 3 that
the 2040, peak position of Al;_ Sc,N film moves toward higher
angles from (002) peak position of wurtzite AIN peaked at
20 =36.03 (Card No. 25-1133) and indicated by a dashed line in
the same figure, whatever the N, gas concentration in the sputter-
ing mixture is. The substitution of Sc atoms into Al sites causes
stress and distortion into the AIN crystal lattice which undergoes a
tensile stress, as deducible from peak shift. This behavior has been
already reported in the literature’*™** and it is ascribed to the Sc
atoms insertion into the AIN wurtzite structure and to the different
atomic radii of Al and Sc. The greatest peak shifts toward higher 26
values are observed in the spectra of films with higher Sc content
(AIScN_40 and AIScN_50), in agreement with RBS analysis. In
addition, the peak shift also indicates a contraction in lattice
spacing; specifically, the lattice is compressed. As a matter of fact,
Sc atom insertion modifies the c-lattice parameter of pure w-AIN.

AIN(0002)
AIScN(0002)

i(200)
Ti(002)

;

Ti(100)

AlyScq.xN_N2:60%

AlyScq.xN_N2:50%

AlyScq.xN_N2:40%

Intensity (arb. units)

AlyScqxN_N2:30%

33

T T T

39 42 45 48 51
20 angle (degrees)

36

FIG. 3. XRD spectra of Al;_,Sc,N thin films sputtered by tuning the reactive
gas flux percentage in the sputtering mixture.
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36 1 together with the crystallite size. They are comparable to values

F4.93 found by other authors, considering the range of Sc content in the
8 10 12 14 16 ternary compounds detected in our work.">**

Sc content (%)

FIG. 4. Evolution of the c-lattice parameter and crystallite size of Al;_,Sc,N thin
films vs Sc content.

Reference c¢ value for no stressed AIN thin film is 4.97 A (Card No.
25-1133). The corresponding lattice parameters for Al;_,Sc,N thin
films increasing N, percentage in the chamber from 30% to 60%
are 4.94, 4.93, 4.93, and 4.96 A, respectively, as reported in Fig. 4,

An opposite behavior in the crystallite size and c-lattice
parameters is observed: an increase in the former correlates with a
decrease in the latter and vice versa. The highest crystallite size is
found for the sample with the highest Sc content incorporation
(AIScN_40) where it reaches a value equal to 49.3 nm.

A theoretical approach to evaluate the Sc content in AIN films
by exploiting XRD spectra can be made. The stoichiometry of the
ternary compound Al;_,Sc,N can be obtained by considering the
wurtzite structure of AIN and ScN and applying Vegard’s rule.
This is based on the linear relationship between a-lattice parameter

2€:62:L0 ¥202 Iidv 90

FIG. 5. AFM topography (2 x 2 um?) of Al;_,Sc,N thin films deposited at N, flux percentage of (a) 30%, (b) 40%, (c) 50%, and (d) 60%.
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of the wurtzite structure and the stoichiometry of the ternary
compound,
a(Al_, ScxN) = (1 — x)aan + xasn. 1)
To take into consideration a axis values (not deducible from
our XRD spectra), an approximation could be done considering the
work of Hoglund et al.,"” where the lattice parameters a and c for
both nitrides in the wurtzite structure have been declared together
with the ¢/a ratio in the ideal case. Starting from our experimental
¢ values calculated from (002) XRD peak position of Al,_,Sc,N
films, the respective a value can be approximately evaluated from
the theoretical ¢/a=1.602 ratio reported in the above-mentioned
work. The wurtzite SCN a parameter was declared equal to 3.47 A,

ARTICLE pubs.aip.org/aip/jap

obtained from a local minimum in the energy landscape by using a
fixed ¢/a =1.6 ratio. The substitution of these values into Vegard’s
relation (1) provides an approximated trend of the Sc atoms con-
centration in our films. The Sc content trend is consistent with
RBS results, considering the approximations of the method, as can
be observed in Table III.

The structural evolution in the Al;_,Sc,N thin films, due to
the Sc incorporation, obviously impacts the surface morphology, as
observable by topographic AFM images reported in Fig. 5.

It is evident that the films where the Sc content is very
close (AIN_40 and AIN_50) have a similar morphology [Figs. 5(b)
and 5(c)]. Moreover, it was found that these two films have an
average larger crystallite size (as deducible from the y-scales of the
3D AFM images), in contrast to the films deposited at 30% and
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FIG. 6. Representative PFM piezo amplitude of Al;_,Sc,N thin films at different N, flux percentage: (a) 30%, (b) 40%, (c) 50%, (d) 60% in the sputtering mixture recorded

at 3V of sinusoidal voltage.
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TABLE IV. Surface potential of the analyzed films obtained by KPFM
measurements.

Sample Surface potential Vpp (eV) Gsample (€V) % O
AIScN_30 0.287 4.62 +0.02 7
AIScN_40 0.099 4.43 +0.02 4
AIScN_50 0.073 4.40 £0.01 3
AIScN_60 0.183 4.51+£0.03 5

60% of reactive gas percentage (or, similarly, with the lowest Sc
content), which show smaller crystallite sizes and more agglomer-
ates. These results are in good accordance with XRD analyses.

B. Piezoelectric responses of the Al,_,Sc,N thin films:
PFM and KPFM measurements

From chemical analysis, the sample labeled AISCN_40 is the
film with the highest Sc content incorporation. From the structural
point of view, it results in the best quality with an improved crystal-
lite size growth. These results are in line with what experimentally
found in terms of the piezoelectric response of Al;_,Sc,N thin films.

Figure 6 reports the PFM amplitude maps of the samples,
recorded by the second lock-in. The values of amplitude reported in
Volt are strictly correlated to the deformation of the sample surface
due to the piezoelectric effect. The higher the value of the applied
voltage, the higher the strain will be, which is calculated in pm/V.

Figures 7(a)-7(d) show the displacement evaluated by a single
measurement for each sample by varying the V¢ voltage applied
to the tip between 1 and 5V, obtaining the piezoelectric coefficient
ds; e from the linear regression. Figure 7(e) depicts the trend of
ds3, efr VS Sc content (i.e., the piezo-response) of the investigated

ARTICLE pubs.aip.org/aip/jap

films; each ds3, o value (also reported in Table I) represents the
average of ten different measurements.

The dependence of ds; . on the Sc content in Al;_,Sc,N thin
films is a clear indication of changes in the wurtzite structure of
nitride films, which is related to the tuning of the reactive gas con-
centration. In our experimental conditions, the reactive gas concen-
tration equal to 40% represents the best value for an effective
insertion of Sc atoms into the AIN wurtzite structure such to gain
the highest piezoelectric coefficient dj; . equal to 11.1 pm/V. The
piezoelectric constant values follow the same trend of the crystallite
size, reaching the highest value at the highest crystallite size
(43.9nm for AIScN_40), confirming the correlation between a
more ordered structural arrangement of the film with an enhanced
piezoelectric response. This can be also deduced from PFM ampli-
tudes, which are more homogeneous for this sample, promoting
the enhancement of the piezoelectric response. An additional con-
sideration can be done by taking into account the results coming
from chemical analysis (see Tables II and III). The more intense
piezoelectric response of AISCN_40 sample can be attributable not
only to the higher Sc atoms incorporation but also to the lower
oxygen content. Indeed, the presence of oxygen in piezoelectric
films is known to limit the performance of the final device."”"” If
we consider the different sources of contaminant as previously
reported in the discussion, it can be deduced that the oxygen atoms
incorporated into the only active films (AIScN layer) is lower than
the total oxygen detected by the RBS technique. Furthermore, the
film with the highest piezoelectric performance resulted in
AIScN_40, where the lowest oxygen content was detected. These
considerations are further supported by surface potential evaluation
obtained by KPFM analysis (Table IV).

The highest surface potential values were measured for the
AIScN_30 and AIScN_60 films: the higher oxygen content detected
in these samples causes a more intense charging effect'® compared
to the less contaminated ones. All positive Vcpp values indicate

E'
_ ‘Pzip - (Psumple
Vepp=—"7""T""—
q
d)ﬁp d’sample
Al Sc,,N
e o=10% _ . AISCN_30%
bl = o= E'/ﬂo_ e AISCcN_60%
v T e —— AISCcN_40%
E cPD Er X 0=%%_ _ _____. AISCN_50%
__Er __ 44

FIG. 8. Schematization of the variation of the work function of the investigated films with respect to the work function of the KPFM tip (Eg: fermi level, CB: conduction

band, VB: valence band).
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TABLE V. Comparison of ds; values reported in the literature for AIN and
Al;_Sc,N with those obtained by our CNR research group (highlighted in bold).

AIN Al_Sc,N %
Research group (pm/V) (pm/V) X increment
Su et al." . 9.3 0.27
Casamento et al."’ 6 15 0.18 150
Zukauskaite et al.”® 1.3 2.1 0.20 62
Mertin et al.”’ 4 7 0.18 75
Tang et al.”’ 7.1 13.7 0.15 93
Signore et al.” 3.7 11.1 0.16 200

that the work functions of all thin films (¢smple) are lower than
the work function of the AFM tip (¢p), considering the known
relation™’

¢tip - d’sample
q

)

Vepp =

Figure 8 depicts a simple schematic to clarify the variation of
the Al;_,Sc,N work function according to the deposition condi-
tions and the oxygen content evaluated by RBS analysis. The shift
of the nitride Fermi energy level (E) upward is justified by positive
increasing Vcpp values, as depicted.

The evaluation of the surface potential of the films represents
an important tool for the calculation of a purer piezoelectric
response of the material. It is largely known that during the PFM
measurement, an electrostatic contribution always occurs, due to
the electrostatic force induced by the Coulomb interaction between
separated charges of the AFM tip/cantilever and the sample
surface.”””' This contribution can be nullified by adding a DC bias
voltage to the tip during PFM measurement so that the potential
applied to the sample is Voc + Vpc and Vpc = Vepp, 72

Following this procedure, the piezoelectric coefficient of the
films was corrected by eliminating the electrostatic contribution,
providing a final value equal to 8.9 pm/V for the AISCN_40 sample.

In general, all the piezoelectric coefficient values found in our
experiments are consistent with the literature trend considering
that the value of Sc concentration for our best result is lower than
the optimal interval reported in literature to obtain higher piezo-
electric response (up to 50%°). As a matter of fact, in the range of
Sc concentration between 10% and 20% in the AIN matrix, ds;
expected values are lower than our experimental piezoelectric
coefficients.

Table V shows a comparison between dj; values reported in
the literature for AIN and Al,_,Sc,N.

It can be seen from Table V that our results rank among the
best in the state of the art, achieving the greatest percentage
increase in the performance of Sc-doped AIN film compared to the
undoped one. These results become even more valuable when con-
sidering that the films were grown at low temperatures, with the
consequent advantages previously mentioned in terms of MEMS
fabrication and compatibility with CMOS technology.

ARTICLE pubs.aip.org/aip/jap

IV. CONCLUSIONS

This work deals with the low-temperature deposition and
characterization of Al;_,Sc,N thin films realized by sputtering from
AlSc alloy target on the Ti seed layer to promote the growth along
¢ axis. The influence of N, concentration in the (Ar+ N,) sputter-
ing atmosphere on the structural, morphological, chemical, and
piezoelectric properties of the ternary compounds was studied. It is
demonstrated that, in our experimental conditions, a good struc-
tural and morphological quality of wurtzite Al;_,Sc,N thin film is
obtained at N, concentration equal to 40%, exhibiting the most
intense piezoelectric response. Specifically, ds3 piezoelectric coeffi-
cient reaches the value of 11.1 pm/V, increasing up to 200% com-
pared to the undoped film value (3.7 pm/V) thanks to Sc insertion
into AIN wurtzite lattice. These results become even more valuable
if compared to the state of the art, especially considering the film
deposition at low temperature which generally does not favor the
achievement of a very high structural quality necessary for
improved piezoelectric properties.

It is remarkable to evidence that this work provides for the
first time the dj; piezoelectric constant of Al;_4Sc,N thin film
cleared from electrostatic contribution through the evaluation of
the surface potential by using the KPFM technique. The final value
found for Al;_,Sc,N thin film with x=0.16 is 8.9 pm/V.

Future work will be devoted to further optimizing the growth
process to achieve texture improvement, grain growth rising, Sc
concentration increase, with the aim to enhance the piezoelectric
response of this new material, which represents an attractive oppor-

tunity for high-performance piezoelectric device fabrication.
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