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This study has successfully develop N-polar ScAIN-based thin films, including elucidate polarity
control mechanism, which is expected to accelerate the realization of next-generation of radio
frequency (RF) filter that will be useful for future telecommunication.

The polarity of scandium aluminum nitride (ScAIN) piezoelectric thin film
was inversedby addition of either silicon (Si), germanium (Ge) or tin (Sn). Addition of 10 at.% Si
or Ge inversed the polarity of ScAIN from Al-polar to N-polar, without significantly affect the
piezoelectric response d33.However, polarity inversion in ScAIN via Si or Ge was observed when
scandium (Sc) concentration was below 40 at.%.The inability of Si or Ge addition to inverse Sc0.
4A10.6N was found to correlate with phase transition occuring at higher Sc concentration. Aside from

Si or Ge, addition of carbon (C) into ScAIN yielded in thin films with Al-polarity suggesting that
addition of C could not inversed the polarity of ScAIN. In this study, we found that polarity
inversion corresponds with the ability of Si or Ge to from aluminum vacancy (cation vacancy), while
addition of C seems to tend to form nitrogen vacancy (anion vacancy)which could not cause polarity
inversion.
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1. WFZERAG S WO

As a wurtzite-structured piezoelectric materia, aluminum nitride (AIN) can be grown in [0001]
direction known as metal (M) or aluminum (Al)-polar or in [000-1] direction known as N-polar (Fig.
1). Addition of scandium (Sc) into AIN (ScAIN) resulted in 500% larger piezoelectric charge constant
(d33) and higher electromechanical coupling coefficient (kerr) than AIN [1-2]. This means radio
frequency (RF) filter using ScAIN can work at wider bandwidth than that using AIN, which is why,
ScAIN is currently widely employed in RF filter for popular smartphone such as iPhone. However,
the development of RF filter using the currently available material has reached its limitation and it can
only work within 5G network range. Meanwhile, 6G technology will be introduced from 2030 and a
more advanced network system requires filter that can work at higher frequency and wider bandwidth.
One way to improve the performance of RF filter is by stacking multilayer of piezoelectric thin films
with opposite polarization direction. Stacking M-polar and N-polar thin film enable the RF filter to
generate signal at higher frequency [3]. By considering this concept and since the use of ScAIN allows
the filter to work at wider bandwidth, stacking ScAIN thin films as Al-polar and N-polar thin films is
expected to result in RF filter that can operate at wider bandwidth and can function at frequency ranges
suitable for 6G network. Since the presence of N-polar ScAIN thin film will give a significant impact
on development of next-generation RF filter with wider bandwidth and suitable for 6G technology, it
is important to control the polarity of SCAIN.

Recently our group has reported that the addition of elements in group 14 in the periodic table,
such as silicon (Si) or germanium (Ge) can successfully inverse the polarity of AIN from Al-polar to

N-polar [3-4]. It is hypothesized that the addition of elements in group 14 such as Si or Ge into SCAIN
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. . ) . Figure 1 The main goal of this research is to inverse
i. Control the polarity of SCAIN thin films by doping  the polarity of ScAIN from M-polar into N-polar

with other element to promote the formation of cation or anion vacancy.
1i. Clarify the effect of cation/anion vacancy on polarity inversion.

3. WHEDTE
All thin films were fabricated via reactive sputtering and polarity control was investigated by:

@  Synthesis of ScX-doped-AIN (X is 4+ cation = Si, Ge, Sn, C)
Since doping with element that has higher oxidation state than Sc** or AI*" can theoretically form
cation vacancy (aluminum vacancy/Vai), element that has oxidation state of 4+, i.e. carbon (C), Si, Ge,
tin (Sn)) were added into ScAIN.

@  Synthesis of ScX-doped-AIN (X is 2+ cation = Mg, Zn)
Since doping with element that has lower oxidation state than Sc** or AI** can theoretically form anion
vacancy (nitrogen vacancy/Vy), element that has oxidation state of 2+, i.e. magnesium (Mg) or zinc
(Zn)) were doped into ScAIN.



All fabricated thin films were then characterized to study changes in piezoelectricity constant (d33),

polarity distribution, crystal structure and oxidation states of each element.

4. WFZERCR
4.1 Synthesis and evaluation of piezoelectricity of SCMAIN (M = Si, Ge, Sn, C)
The positive d33 values exhibited by the thin films suggest that the polarity of ScxAli«N thin film is
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at.% into Sco.1AlooN resulted in Figure 2 Effect of addition of each element on the polarity of Sc.M,Al;.«.,N, when
thin films with negative ds (left) Sc was fixed at 0.1 or (right) when dopant concentration was fixed at 0.1.

values, indicating that addition of Si or Ge or Sn could inverse the polarity of Sco.1AlooN (Fig. 2(left)).
However, addition of C into ScAIN was found to results in thin films with positive d33, which means
addition of C into ScAIN is unable to inverse the polarity of ScAIN. Furthermore, similar d33
magnitude between Sco.1MyAloo.yN and that of Sco.1Alo9N, was obtained when approximately 10 at.%
Si or Ge was added into Sco.1AlogN, suggesting addition of each of Si or Ge is could inverse the
polarity of ScAIN without significantly lowering the d33. Meanwhile addition of Sn into ScAIN
resulted in thin film with N-polarity, but the value of ds3 is slightly lower than that of ScAIN. Effect
of Sc concentration was examined by fixing dopant concentration at 0.1. As can be seen in Fig. 2
(right), it is evident that addition of either Si, Ge or Sn was only effective to inverse the polarity of
ScAIN when the concentration of Sc is less than 40 at.%. Thus, it can be inferred from these results
that the formation of N-polar ScAIN is controlled by both concentration of each additive element (in
this case: Si, Ge, Sn) and that of Sc [5-12].

4.2 Synthesis and evaluation of piezoelectricity of ScCXAIN (X =
Mg, Zn)

As shown in Fig. 2 (a), addition of 4+ cation such as Si in the range
of 7-20 at.% into Sco3Alp7N resulted in N-polar thin films,
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anion vacancy (V) could not promote polarity inversion. Addition
of 4+ cation that theoretically form cation vacancy (Vai) could
inverse the polarity, except for C [9-10].

4.3 Effect of element addition on polarity distribution
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Effect of element addition on polarity distribution was investigated

using ScxGeyAliyN as representative. The d33 values presented in = Figure 2 (a) Effect of Mg or Zn
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inversed the polarity of ScxAli«N for x < 0.4. Changes in polarity ~¢/ement on the polarity of Se.MuAl1.c.N
distribution upon changes in Ge addition was further examined using piezo response microscopy

(PFM) (Fig. 3(b)) [7-8]. While Sco3Alo7N without Ge addition exhibited Al-polar thin film, gradual



addition of Ge resulted in changes in polarity gradually into N-polar with increasing Ge concentration
from 2 to 8 at.%. Interestingly when 5 at.% Ge was added into Sco3Alo.7N, the thin film exhibited d33
of zero, but polarity distribution results showed that the thin film comprised 50 % Al-polar and 50%

N-polar component
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Figure 3 Effect of Ge addition on (a) piezoelectricity of ScxGe,Al;...,N and (b) polarity
distribution of Scy.3;Ge,Aly 7N thin films.

measurements are found
to be consistent with that
obtained from Piezometer [7-8].

4.4 Effect of element addition and concentration on changes in crystal structure

Effect of element addition on changes in crystal structure of ScAIN is presented in Fig.4(a) where
addition of either Si or Ge could maintain a better wurtzite crystallinity when compared with Sn or C
addition, which is why addition of Si or Ge could maintain a better piezoelectric response than addition
of Sn or C [9-10]. Effect of element concentration on crystal structure was further studied on
Sco2SiyAlogyN and Sco4SiyAlos-yN as representatives. The peak at 36° which corresponds with (002)
reflection of wurtzite structure was found to be barely shifted by addition of 5 or 10 at.% Si into
Sco2AlpsN. Meanwhile, addition of 20 at. % Si into Sco2AlogN resulting in broader peak with lower
intensity (Fig. 4(b)), suggesting a decrease in crystallinity at higher Si addition. This explains why
addition of Si with concentration greater than 16 at.% into Sco2AlosN resulted in lower d33. Meanwhile,
incremental addition of Si into Sco4AloeN resulted in a gradual shift of (002) peaks toward lower 26,
concurrent with the emergence of rocksalt ScN phase (*) (Fig. 4(c)), suggesting incremental addition
of Si into Sco4AlosN encouraged the formation of new phase. Thus, addition of Si into Sco.4AlosN is
hypothesized to cause phase transition from wurtzite to a different phase rather than facilitating
polarity inversion, which is why polarity inversion could not be observed when Si was incorporated
into Sco.4AlosN [5,6,11].
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Figure 4 Effect of (a) different element addition on crystal structure and effect of Si concentration on crystal
structure of (b) Sco.2SiyAly.s.,N and (c) (b) Scp.4Si,Alp.s.,N thin films.

4.5 Investigation on plausible mechanism of polarity inversion

In case of AIN, we have reported that polarity inversion in AIN that was occurred after addition of Si

can be elucidated using model proposed by Youngman and Harris [4], where doping with element that

13+

has higher oxidation state than A", such as Si*", into AIN will promote the formation of aluminum
g p

vacancy (Vi) and large concentration of Vaj can induce the transformation of Al bonding coordination



from tetrahedral to octahedral and eventually
cause polarity inversion (Fig. 5). To confirm
whether similar mechanism was also occurred
in case of addition of 4+ cation into ScAIN,

XPS measurements were then conducted to

< : study element state at each thin film. From
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inversion, as proposed by [4]. Sco3Gen.1AlpgN exhibited N-polarity, it is

evident that addition of 4+ cation is highly likely induce the formation Vai and eventually inverse
polarity. The XPS spectra of Sn3d can be deconvoluted into 2 doublets and the binding energy of each
peak corresponds with the presence of Sn** and Sn*' (Fig. 6(c)) [9-10]. The presence of multiple
components is believed to be responsible for poor wurtzite crystallinity which led to lower ds3 despite
the thin film exist as N-polar. However, the XPS spectra of Cls for SCCAIN showed that there are
multiple carbon components including one that contain carbon bonded with metal (peak c) (Fig. 6(d))
[9-10]. Unlike Si*" or Ge*" that is occupied Al site and form cation vacancy (Vai), the presence of
carbon-metal bond suggested that C occupied N-site forming anion vacancy (Vx). This may explain
why addition of C could not [t Gesa ] (@ sz SC.3Sig 1AlogN

inverse the polarity of the thin N
film. These results further
confirm that the key to
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other element, particularly one
. . . Figure 6 (a) Ge3d, (b) Si2p, (c) Sn3d and (d) Cls spectra of Sco3My.1AlgsN where
that has hlgher oxidation state M= Si, Ge, Sn, C including the polarity distribution of Sc3Sig.1AlosN and

than Al or Sc. Sco3Co.1AlosN thin films

We have presented these results in 6 (six) conferences (domestic and international) and our work

on polarity inversion has also gained a lot of attentions since 2 (two) Best Poster Awards were
received from Japan Society for Applied Physics (JSAP) in Fall 2021 and Spring 2023.
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