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ABSTRACT

The piezoelectric modulus of wurtzite aluminum nitride (AIN) is a critical material parameter for electrical components, ultimately
contributing to the energy efficiency and achievable bandwidth of modern communication devices. Here, we demonstrate that the
introduction of metallic point-defects (Ti, Zr, Hf) improves the piezoelectric modulus of as-received, unstrained, epitaxially grown AIN. The
metals are incorporated by ion implantation with an acceleration energy of 30keV to a fluence of 10'> at cm ™2, which causes an elongation
along the wurtzite c-axis. The stored internal strain energy increases the piezoelectric polarization of the thin AIN layer. This can equivalently
be described by an enhancement of the piezoelectric modulus ds;. The incorporation of 0.1at. % Ti enhances the piezoelectric modulus by
~30%; significantly exceeding gains obtained by alloying with the same amount of Sc.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0031047

Aluminum nitride (AIN) is a semiconducting, high temperature
ceramic. In its single crystal form, it has unique properties such as
high thermal conductivity,' large bandgap,” and low thermal drift.
Furthermore, AIN has the largest piezoelectric coefficient of the binary
tetragonally bonded semiconductors showing piezoelectric coefficients
es3 and e3; of 1.5Cm > and —0.59 C m ™2, respectively.”” In addition,
the material can be easily introduced into a device due to the compati-
bility with complementary metal-oxide-semiconductor (CMOS) tech-
nology. Together, these properties led to the introduction of AIN in
various devices such as light emitting diodes (LED)," high frequency
and high power transistors,” * and acoustic wave resonators.” ' For a
wide variety of applications, the piezoelectric coefficients e;3 and e3;
define the figure of merit of these devices. For wurtzite structures, it
has been shown that alloying with rare-earths can yield significantly
enhanced piezoelectric coefficients.'” '° However, the low-abundance
of rare-earth materials makes them expensive and, hence, they are
undesirable for mass production. For this reason, alloying with more
abundant materials such as MgHf, ZrNb, and MgZr has been

proposed as an alternative. These effectively act as effective trivalent
cations in the AIN structure.'® Here, we demonstrate an alternative
approach to improve the piezoelectric coefficient by strain engineering
using ion beam implantation. Ion implantation was only mentioned
previously as a potential way to achieve alloying via ion beam-doping
without consideration of its potential to introduce strain.'” Here, we
demonstrate that alloying with trivalent ions is not required if strain is
used to enhance the piezoelectric polarization of the material.

AN crystallizes in the wurtzite structure with a Cg, point group.'
It has high spontaneous polarization and high piezoelectric coefficients
among the IIl-nitride semiconductors. The piezoelectric polarization
along the c-axis and the crystal structure can be correlated by the piezo-
electric coefficients according to P = es3 &3 + €3, (g, + &) with the
strain expressed in dependence of the a-axis and c-axis wurtzite unit
cell parameters according to &;=(c - ¢o)/cy and & = &, = (a-ao)/a,.
The parameters a, and ¢, refer to the unstrained lattice constants for
AIN and are 0.31 113 nm and 0.498 079 nm, respectively.'® By defini-
tion, the piezoelectric coefficients are related to the piezoelectric moduli
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d,, through a stress-strain relation. """ For linear elastic properties,
this is described by the elastic stiffness tensor. In the absence of shear
stress, the piezoelectric polarization can be described by P; =es; &5 +
31 (61 + &) =ds;3 05 + d3; (0, + ,)."” The total polarization Pr
along the c-axis is the sum of the piezoelectric polarization and the
spontaneous polarization Pgp.

In this investigation, we use ion implantation to tune the strain of
wurtzite AIN and demonstrate an increase in the piezoelectric coeffi-
cient and piezoelectric moduli after ion implantation. We compare
two different samples grown by plasma vapor deposition (sample A)
and molecular-beam epitaxy (sample B). Both samples have a 100 nm
AIN film on Si (111) with the wurtzite c-axis aligned perpendicular to
the Si surface. As we will show below, these samples provide different
starting strain conditions. The samples with dimensions of 1 x 1cm®
have been implanted with divalent metals (Ti, Zr, Hf). The fluence of
10" at.cm ™2 ensures negligible damage to the AIN crystal during ion
implantation.”’ > For all implantations, an acceleration energy of
30 keV has been used and a homogeneous distribution on the sample
in the in-plane axis is achieved by scanning the ion beam over the
implanted area. Details of the implantation setup and residual gas
pressures are described elsewhere.””*

The macrostrain of the wurtzite has been determined by x-ray
diffraction (XRD) performed on a Rigaku SmartLab diffractometer
using the Co K, line (4 =0.179026 nm). Both macroscopic strains are
determined in two different geometries using an in-plane configura-
tion for the AIN (100) band to determine ¢, and out-of-plane geome-
try for the AIN (002) band to determine &;. Figure 1 shows the
diffractograms before and after ion implantation.

Figure 1 reveals that both samples are subject to biaxial strain
along the substrate’s axis in comparison to the unstrained AIN wurt-
zite indicated by the dashed line. However, the strain of the as-
received sample A is smaller in comparison to sample B. After ion
implantation, a tensile strain along the c-axis emerges for both sub-
strates [Fig. 1(a)]. For the wurtzite a-axis, no significant changes are
observed due to metal ion implantation at the investigated fluence.
Reciprocal space maps (RSM) of sample A on the symmetric AIN
(002) band before and after 10'® at.cm™ 2 Ti have been obtained (sup-
plementary material S1) and confirm subsequent strain interpretation,
which is discussed later. In addition, we measured the rocking curves
of the AIN (002) band, which have a full-width-half-maximum
(FWHM) of 2.4° for sample A and 0.6° for sample B, before and after
ion implantation (not shown).

From the XRD diffractograms, we extract the piezoelectric polari-
zation from the average macroscopic strain, according to Eq. (1),

40 44
P3 = 2e3 J €1(20)I1100)(20) d(20) + e33 J &3(20)I (002 (20) d(20).
35 io

1)

The magnitude of the integral in the first and second terms is shown
in Fig. 2, in conjunction with the relevant total polarization along the
c-axis.

Figure 2 shows only a small deviation of ¢, after ion implantation
for all samples. This is in good agreement with observations on GaN
demonstrating that the wurtzite a-axis is more resilient to ion radia-
tion damage than the c-axis.”” Only the as-received sample A shows
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reduced strain along the a-axis. In contrast, the strain &5 varies signifi-
cantly for different ion implantation conditions. Notably, the as-
received sample B shows a significant compressive strain ¢; while only
a small strain is present for sample A. Under the investigated condi-
tions, ion implantation causes a tensile strain ¢; which is most signifi-
cant for Ti implantation on sample A. We attribute the lower tensile
strain after ion implantation in sample B to a compensation of the
compressive strain in the as-received AIN.

Based on the derived strains, the total polarization is calculated
and shown in Fig. 2. It shows that for sample B, the magnitude of
polarization reduces, which, in turn, is expected to reduce the piezo-
electric modulus. Hence, no improvement of the electromechanical
response after ion implantation is anticipated. In contrast, the relaxed
AIN (sample A) shows an increase in the polarization magnitude after
ion implantation and a change of the polarization orientation. Thus,
ion implantation effectively induces internal strain into the piezoelec-
tric material, which can be used to increase the piezoelectric polariza-
tion and thus the piezoelectric modulus ds3.

These results strongly suggest that an increase in the amplitude
of the piezoelectric polarization is only achievable if the AIN film is in
a low-stress state as is present in sample A. In contrast, the calculations
of polarization for undoped sample B reveal a large piezoelectric polar-
ization due to the presence of large biaxial stress, which counteracts
the benefits of ion implantation. Thus, from the XRD spectra, an
improvement of the piezoelectric moduli is only expected for sample
A, while a reduction is expected for sample B.

Evaluation of the piezoelectric moduli ds; is performed using
Piezo Force Microscopy (PFM) on a NanoSurf FlexAFM. A PtSi-NCH
tip with a typical radius of curvature of 25 nm. The tip has a cantilever
force constant of 30 N/m, which ensures a low force of electrostatic
interactions.”® A tip force of 500 nN was applied to the surface.
Measurements were performed with an alternating voltage between
2 V and 10V with a frequency of 1kHz, and the electromechanical
response of the sample was recorded by measuring the amplitude (h)
of the normal deflection of the tip with the lock-in amplifier. The effec-
tive piezoelectric modulus ds;*" is obtained from the slope of the
deflection amplitude at different voltages according to h ~ A3 Ve

Figure 3 shows the results of the PFM data. In Fig. 3, the change
of dj; after ion implantation for both samples are shown. For the
as-received samples, we measured a ds; of 47+ 0.3 pm V' and
6.1+ 1.2 pm V™' for samples A and B, respectively. Due to the large
initial strains in sample B, the Si-AIN interface degrades and, thus,
despite the high initial piezoelectric modulus, is not suitable for
applications.

In good agreement with the calculated polarization in Fig. 2, sam-
ple A shows a significant increase in ds; for all three implantations.
The largest increase is observed for the sample with maximum strain
induced by Ti ion implantation. In contrast, all implantations into
sample B show a relative decrease in the piezoelectric modulus. Thus,
the calculated polarization based on the strain induced by ion implan-
tation is in good qualitative agreement with the measured ds; by PEM.

In the following, we present a qualitative model explaining these
results. The model is based on a set of assumptions supported by the
literature: (a) the stress—strain relation is based on the mechanical con-
stants of AIN (supplementary material S2) and deviations from the
unstrained lattice can be described by biaxial, uniaxial, and hydrostatic
strain.”” (b) Defects in the crystal structure introduce a characteristic
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FIG. 3. Deviation of the piezoelectric modulus obtained by PFM in comparison to
as-received AIN for both samples.

strain type, specifically: (b1) biaxial strain is caused by lattice mismatch
to the substrate;' > " (b2) hydrostatic strain is caused by intrinsic
defects;'®”"*? and (b3) uniaxial strain is caused by the extrinsic defects
Ti, Zr, and Hf. (c) The Hecking model describes the defects introduced
by ion implantation.””*"**

This model can be used to identify suitable ion implantation con-
ditions to achieve better piezoelectric properties knowing the initial
strain/stress condition of the AIN film. The qualitative results of our
considerations are schematically shown in Fig. 4. Subsequently, we dis-
cuss the experimental evidence supporting the presented model.

Figure 4 illustrates that on both samples, the largest change in
piezoelectric polarization is expected after Ti implantation. However,
an improvement of the piezoelectric modulus is only obtained on sam-
ple A due to the high level of substrate-induced biaxial stress in the

—— Sample A
Sample B

positive

Piezoelectric polarization
Piezoelectric modulus ds3

biaxial
substrate

wnzsarrrmecdd

.......... anbaed

hydrostatic
. intrinsic

uniaxial
extrinsic

strain type
defect type

None

Low

High

Implantation fluence

FIG. 4. Schematic illustration of the influence of ion implantation on the piezoelec-
tric modulus ds3. This is dependent on the implanted ion type, implantation fluence,
and substrate-induced biaxial strain (which dominates in sample B). The illustration
separates the influence of hydrostatic strain caused by intrinsic defects at low fluen-
ces (<10™ at cm~2) and uniaxial strain caused by extrinsic defects at higher fluen-
ces (>10" atcm—?).
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as-received sample B. Both samples A and B have a large interfacial
energy at the Si—-AIN interface. However, scanning transmission elec-
tron microscopy (STEM) of sample A revealed that biaxial strain is
transferred to the Si substrate as shown by diffraction contrast and an
absence of Moiré fringes in the near-interface region of the Si (supple-
mentary material $6). This is in contrast to sample B where the biaxial
strain is transferred to the AIN film, which leads to nucleation islands
and subsequent amorphization of the crystalline Si at the
interface.'"***

Subsequently, it is necessary to understand the physical origin of
the emerging strains due to ion implantation. This is done using the
established Hecking model that describes the changes in the number
of point defects n,q with the fluence Ni.”* This model has been applied
to describe radiative damage on a wide range of semiconductors,
including Al,Ga, \N.”>*"**** Since AIN is not prone to amorphiza-
tion, two coupled differential equations determine the formation of
point defects, according to Eq. (2),

dnyy,
dNy

n
= Py RNt 4 Cppg (1 — 22 @)
npd

The first term describes the formation P,q and recombination Ryq
of intrinsic point defects, while the second term quantifies the forma-
tion of non-recombinable clusters of point defects with a kinetic
parameter C and the saturation defect density of n*. We further corre-
late the density of non-recombinable clusters with the implanted
extrinsic defects.

The depth distribution of intrinsic and extrinsic defects has been
simulated with the Monte Carlo program T-Dyn (supplementary
material $3).”” Those simulations enable the separation of five regions,
which are directly overlayed with STEM images taken after implanta-
tion of 10" at.cm > Ti" in Fig. 5(a).

This is consistent with the expected defects from the ion beam.
According to the simulations, intrinsic defects are dominantly close to
the surface, which introduces hydrostatic strain (Region A). Indeed,
the shift of the 100 reflection along the c-axis in the diffractogram
[inset; Fig. 5(c)] confirms this assignment. In contrast, the region B
(16-30nm) is dominated by extrinsic defects [Fig. 5(b)]; the visible
distortions in the bright-field image make the reflections in the diffrac-
togram more diffuse. The simulations also indicate that the region C
30-50 nm below the surface contains intrinsic and extrinsic defects,
while in region D (50-67 nm), a low number of intrinsic defects is pre-
sent. The region below (Region E) is not influenced by ion implanta-
tion and is shown in Fig. 5(d). Due to the proximity of the Si interface,
biaxial strain dominates this region and the 002 reflections in the dif-
fractogram Fig. 5(d) are split, accompanied by a broadening of all
reflections, characteristic for biaxial strain.

For AIN, the recombination of intrinsic point defects is high and
hence saturates for a low level of displacements per atoms. We attri-
bute homogeneous tensile strain to intrinsic defects, thus contributing
to a small positive change of piezoelectric polarization. According to
Faye et al.,, the defect saturation of AIN is reached for 0.022 vacancies
cm™2”" Monte Carlo simulations described in the supplementary
material (S3) show that this concentration is exceeded for a significant
proportion of the AIN film, even exceeding the range of the implanted
metal. This interpretation is supported by the similar level of &, after
ion implantation irrespective of the implanted element and obtained
RSM for 10"® Ti at cm™? (supplementary material S1).

ARTICLE scitation.org/journal/apl

FIG. 5. Bright-field STEM images of sample A implanted with 10'® at cm=2 Ti*. (a)
Overview of the AIN film with the Si substrate at the bottom. The AIN layer is
divided into five regions A-E, which, according to Monte Carlo simulations, are
dominated by intrinsic defects (region A); Ti (region B); a low concentration of
extrinsic and intrinsic defects (region C); a low concentration of intrinsic defects
(region D); and beyond the implantation range (region E). The regions A, B, and E
are dominated by one strain type and have been imaged with higher magnification
(b)—(d) with the insets showing the respective diffractograms. (b) Region B is domi-
nated by the uniaxial strain due to Ti. (c) Region A is dominated by hydrostatic
defects due to intrinsic effects. (d) Region E is dominated by the biaxial strain due
to the proximity to the substrate.

The formation of non-recombinable clusters is supported by the
presence of external defects and thus directly depends on the concentra-
tion of the implanted element. The observed differences in the effective-
ness of the different implantations (Ti > Zr > Hf) correspond to the
reduced affected film volume with increasing mass of the implanted ion
(supplementary material S3). Ti implantation affects 50% of the AIN
film and a maximum Ti concentration of 6.0 x 10~> at. nm™" Ti
is obtained. Zr and Hf only affect 33% and 20% of the film with maxi-
mum concentrations of 8.9 x 10™> at. nm ™' and 12.6 x 10~> at. nm ™},
respectively.

In the present case, we hypothesize that the lattice mismatch
between the wurtzite AIN and a hypothetical stable rock salt nitride
(XN; X =Ti, Zr, Hf) lattice defines the overall strain state. Since the
w-AIN (210) plane and the rock salt nitride (011) plane are parallel
with a lattice mismatch of less than 4%, a negligible strain is expected
along the wurtzite a-axis, as experimentally confirmed in Fig. 1(b).**
In contrast, the large lattice mismatch of >33% along the wurtzite
c-axis leads to the observed uniaxial strain.

Calculating the number of overlapping lattice locations from the
crystal lattice can then be used to estimate the number of Al atoms
that can be substituted by the implanted metal without destabilizing
the wurtzite crystal. Along each wurtzite a-axis, every fourth Al can be
substituted, which is determined by the rotation of the unit cell while
neglecting lattice mismatch. In contrast, along the c-axis, the wurtzite
[002] and rock salt [001] axes are parallel, and the stable configuration
is determined by the lattice mismatch. The lattice mismatches of 40%
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for Ti, 34% for Zr, and 35% for Hf provide an Al substitution factor of
5 for Ti and 3 for Zr and Hf. The maximum strain along the c-axis is
thus expected for a concentration of 6.3 x 10> at. nm ' Ti and
10.4 x 10~ at. nm ™" for Zr and Hf. Since the unit cell of AIN contains
two Al atoms, a translation vector between those two Al leads directly
to a second rock salt lattice. Thus, a second stable configuration is
achieved with the metal concentrations doubled.

Our experiments are in good agreement with estimations based
on such symmetry considerations. Indeed, while the maximal uniaxial
strain for Ti implantation is expected at 10" at cm™2, higher concen-
trations of Zr are required to achieve the same level of uniaxial strain,
as Zr implantation affects a smaller volume. To verify this, we
implanted AIN with Ti and Zr to a higher fluence of 10'® at cm ™2 The
strain only increased in the case of Zr implantation (it decreased with
Ti implantation), confirming this interpretation (supplementary
material S4). In the case of Hf implantation into AIN, the implanted
Hf rapidly exceeds the highest stable concentration even though the
measured &3 strain is comparable to that of the Zr implantation. This
results in a relatively smaller improvement of ds; observed after Hf
implantation. This difference is likely due to larger strain after Hf
implantation causing localized plastic deformations, which are not
accounted for within this model.

The reported values for the piezoelectric modulus of AIN vary
widely in the range of 3.0-7.0 pm.'""*** Most of those values were
obtained from thin AIN grown on silicon, which is a substrate known
to introduce significant biaxial stress.”*>** The absence of investi-
gated bulk materials and the limited characterization of the stress state
of AIN in those investigations are notable. In particular, the lowest
reported piezoelectric coefficients are for films grown on SiC and
Si(100) substrates.””*" Both substrates induce a low biaxial strain dur-
ing growth because of the small mismatch between the SiC and AIN
lattices. In the case of Si(100), the lattice mismatch is sufficiently large
to inhibit epitaxial growth."”'®** Our results suggest that the variations
in earlier reported piezoelectric moduli can be attributed to different
states of piezoelectric polarization induced by the biaxial stress from
the substrate. There is no experimental report using the biaxial stress
in AIN to modify the piezoelectric modulus reported in the literature.
However, two recent reports on different materials support our inter-
pretation: (1) stretching ZnO nanorods increases the piezoelectric
coefficient’” and (2) in situ XRD on Lead Zirconium Titanate confirms
the direct correlation between piezoelectric polarization and the
crystallography.*®

A known method to increase the piezoelectric modulus is alloy-
ing with trivalent rare-earth metals or effective trivalent clusters.' '
These strategies destabilize AIN, which enhances the piezoelectric and
spontaneous polarization.'”"”** Our implantation of Ti into AIN
results in a maximum atomic fraction of 0.6 at. % and a total propor-
tion of only 0.1 at. % of Ti in the AIN layer. This gives rise to an ~30%
(6.1 pm V') increase in the piezoelectric modulus. Based on the
calculations by Caro et al. (ds; s =5.1 pm V~'),"” homogeneously
alloying with Sc with the same amount of material would only yield an
8% (5.5 pm V') increase in ds3 with respect to the maximum atomic
fraction or an increase in less than 1% (5.2 pm V') with respect
to the total amount of material. This contrasts to a 500% ds3
(24.2 pm V"7 27.6 pm V') increase for an Sc concentration of
43at. %, not attainable by ion implantation due to excessive
damage that it would incur. Thus, alloying is not responsible for the
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increase in the piezoelectric coefficient, whereas our increased piezo-
electric coefficient originates from ion implantation-induced strain.
Initial reports on ScN discussed the presence of the rock salt S(N—
wurtzite AIN phase transformation; hence, we also applied our crystal-
lographic strain considerations to ScN.'” For Sc Al N, the strain
would be minimized for x=0.33 along the c-axis. For these condi-
tions, the texture and piezoelectric coefficient depend strongly on the
preparation conditions."”"”

In conclusion, we have demonstrated that ion implantation ena-
bles the strain in a relaxed, unstrained wurtzite piezoelectric, such as
AIN, to be tuned to increase the piezoelectric modulus. In comparison
to other methods, an increase in the piezoelectric modulus is achieved
with a significant lower amount of alloying addition (by implantation).
Furthermore, the described strain engineering by ion implantation can
be applied after the deposition of the piezoelectric layer, something
that is not feasible for other technologies. In addition, ion implantation
could be combined with the rare-earth alloying approach to further
enhance the piezoelectric coefficient of those materials. This technol-
ogy has the potential to lead to devices with increased energy efficiency
in acoustic wave filters with a reduced bandwidth, increased operation
frequency, and reduced energy losses.

See the supplementary material for additional discussion of XRD,
mechanical parameters, ion beam simulation, STEM analysis, PFM,
and the effect of higher fluences.
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