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Abstract—In this work, the Sc doping effect on the structure 

and ferroelectric properties of Al1-xScxN are investigated based 
on density functional theory calculations combined with a 
structure prediction evolutionary algorithm. It is found that as 
the Sc concentration increases, a stable phase with the lateral 
superlattice (SL) emerges in Al1-xScxN, in which wurtzite (WZ) 
AlN and rocksalt (RS) ScN are alternating along the WZ-
ሾ𝟏𝟎𝟏ഥ𝟎ሿ direction. The rapid decline of band gap in lateral-SL 
Al1-xScxN with increasing Sc concentration is induced by the RS-
ScN part. As shown in the local density of states map, the RS-
ScN part has a prominently smaller band gap than the wurtzite 
AlN part, and corresponding high electric conductivity. It 
means the RS-ScN part would act as a dominant channel of 
leakage current in the lateral-SL Al1-xScxN. These results 
suggest one of the possible causes responsible for the leakage 
current paths in Al1-xScxN thin films. 
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I. INTRODUCTION 

Since the discovery of the tremendous enhancement of 
piezoelectric response in Sc-doped wurtzite Al1-xScxN films 
[1], the Al1-xScxN-based piezoelectric devices have attracted 
much research attention. Recently, Al1-xScxN thin films have 
been demonstrated to be ferroelectric with large polarization 
and high Curie temperature, presenting promising materials 
for multi-functional devices which could integrate the 
ferroelectric memory function into III-nitride-based 
piezoelectric devices [2-4]. However, the unexpectedly large 
leakage current, leading to higher power consumption, worse 
reliability, and limited ability of scaling down, hinders 
practical integration and efficient applications. Though 
previous studies have revealed that leakage current is closely 
related to defects in Al1-xScxN [4-6], the origin of the large 
leakage is still under debate. Meanwhile, there is a phase 
transition in Al1-xScxN as Sc concentration increases, due to 
the different stable structures of AlN (wurtzite, WZ) and ScN 
(rocksalt, RS) shown in Figs. 1(a-b). The intermediate phase 
structure and phase boundary are unclear, and need further 
studies [7,8]. 

 
Fig. 1. Crystal structures of (a) WZ-AlN and (b) RS-ScN. (c) Flowchart of 
the evolutionary algorithm implemented in USPEX. 

 

Fig. 2. Energy of various structures of Al0.5Sc0.5N with 32 atoms in the unit 
cell, generated by the evolutionary algorithm. It shows clearly that the 
lateral-SL has the lowest energy, considered as the most stable structure. 

Fig. 3. Top and side views of the lateral-SL Al0.5Sc0.5N crystal structure, which is the predicted most stable structure. This lateral-SL is constructed by a WZ-
AlN part and a RS-ScN part, along the WZ-ሾ101ത0ሿ direction, parallel with the RS-[110] direction. 
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Fig. 4. (a) The formation energy of 4 phases Al1-xScxN as functions of Sc concentration (left axis); The difference in the formation energy between SL and 
SS-WZ (right axis). Crystal structures of (b) SL, (c) SS-WZ, (d) SS-H, and (e) SS-RS Al0.5Sc0.5N. 

In this study, we investigated the impact of Sc doping 
effect on the structure of Al1-xScxN to comprehend its leakage 
behavior and ferroelectric properties, based on density 
functional theory (DFT) calculations combined with a 
structure prediction evolutionary algorithm. A new phase, 
named as lateral superlattice (SL) here, consisting of WZ-AlN 
and RS-ScN, is found to be the most stable structure for Sc-
doped Al1-xScxN. The WZ-AlN part of lateral-SL works as a 
resolute polar unit, while the RS-ScN part shows weaker polar 
as Sc concentration increases. Additionally, local density of 
states (LDOS) analysis shows that the RS-ScN part presents a 
much smaller band gap than the WZ-AlN part, resulting in 
high conductivity. Such a result suggests that the RS-ScN part 
in the SL structure could act as a dominant leakage current 
channel. The presented structure model, lateral-SL Al1-xScxN, 
could well explain the leakage behavior of Sc-alloyed 
Al1-xScxN with increasing Sc concentration. 

II. SIMULATION METHOD 

An evolutionary algorithm in USPEX code [9-11], 
illustrated by Fig. 1(c), is implemented to predict the 
thermodynamically stable structures of Al1-xScxN with 32-
atom cells. The Sc doping concentration varies from 0 to 50% 
at 6.25% intervals. The special quasirandom structures (SQSs) 
are constructed to mimic the disordered SS WZ, layered-
hexagonal (H), and RS Al1-xScxN [12]. 

All DFT calculations presented in this work were 
performed with the PBE exchange-correlation functionals and 
the PAW pseudo-potentials implemented in the VASP code 
[13-16]. The numbers of valence electrons for Al, Sc, and N 
were set to 3, 11, and 5, respectively. The spontaneous 
polarization was calculated using the Berry phase approach 
with the reference H phase [17-19]. The polarization 
switching barriers were calculated using the solid-state 
nudged elastic band (SS-NEB) method [20], which allows the 
relaxation of both atomic positions and lattice vectors. The 
LDOS map was obtained with DensityTool [21], a post-
program to VASP. All crystal models in this work were 
visualized by the Visualization for Electronic and STructural 
Analysis (VESTA) program [22]. 

III. RESULTS AND DISCUSSION 

The result of the structure prediction evolutionary 
algorithm in Al0.5Sc0.5N with 32-atoms cell is depicted in 
Fig. 2. Various ordered and disordered structures are 

generated by this evolutionary algorithm. It shows clearly that 
the most stable structure, with the lowest energy, is the lateral-
SL after the halting criteria are achieved. This novel lateral-
SL consists of two kinds of phases, WZ-AlN and RS-ScN, and 
the phase interface is perpendicular to the WZ- ሾ101ത0ሿ 
direction and RS-[110] direction, as illustrated by Fig. 3. In 
the lateral-SL, each Al atom and Sc atom have 4 and 6 nearest 
neighbor N atoms, respectively, which means all atoms 
possess a similar local bond structure to that of the stable WZ-
AlN and RS-ScN, except the atoms near the phase interface 
that are affected slightly by the difference in N-Al-N and N-
Sc-N bond angles. 

The formation energy of the lateral-SL, SS-WZ, SS-H, and 
SS-RS is calculated as functions of Sc concentration shown in 
Fig. 4(a), given by: 

E୤୭୰୫ ൌ E୅୪ୗୡ୒ െ ൫1 െ cሺScሻ൯E୅୪୒
୛୞ െ cሺScሻEୗୡ୒

ୖୗ . ሺ1ሻ

The difference between SL and SS-WZ formation energy 
is depicted by the red solid line to the left axis, which gets 
larger as the Sc concentration increases. This result is 
expected from the stable local bond structure of lateral-SL 
mentioned above. It suggests that the lateral-SL is more likely 
to appear in Al1-xScxN with higher Sc concentration. 

 

Fig. 5. Energy landscape of the lateral-SL Al0.5Sc0.5N along the switching 
path. Insets present the initial (Al-polar, polarization down), transition, and 
final (N-polar, polarization down) states of the lateral-SL 
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The lateral-SL Al1-xScxN is a polar structure due to the 
polar WZ-AlN part. Fig. 5 describes the switching path of the 
lateral-SL Al0.5Sc0.5N, along which the WZ-AlN part switches 
from the Al-polar state to the N-polar state while the RS-ScN 
part barely moved. The switching barriers and polarization 
between lateral-SL and SS-WZ with different Sc doping 
concentrations are compared in Figs. 6(a-b). These figures 
show that switching barriers and polarization decrease with 
incremental Sc concentrations in both lateral-SL and SS-WZ, 
consistent with previous works [2,4,8]. Only the polarization 
of the lateral-SL deviates from a nearly linear decreasing trend, 
shown clearly in Fig. 6(b) with the aid of the linear 
combination polarization. This result arises from the much 
more rapid increase of WZ internal parameter u in lateral-SL, 
compared with SS-WZ, illustrated by Fig. 7. 

Fig. 8 shows band gaps of the lateral-SL, SS-WZ, SS-H, 
and SS-RS as functions of the Sc concentration. The band gaps 
of SS-WZ and SS-H decrease nearly linearly with incremental 
Sc concentration, whereas those of lateral-SL and SS-RS 
decrease similarly and more rapidly. These results indicate 
that the band gap of lateral-SL is mainly affected by the RS-
ScN part, which has the same crystal structure with SS-RS. 
LDOS analysis confirms that the decreasing behavior of the 
band gap in lateral-SL is dominated by the RS-ScN part, 
which has a much narrower band gap compared with the WZ-
AlN part, as shown in Fig. 9. Consequently, the RS-ScN part 
has higher electric conductivity and could act as a dominant 
channel of leakage current in lateral-SL, which could be a 
possible origin of the large leakage current in Al1-xScxN thin 
films with high Sc concentration. 

 

Fig. 6. (a) Switching barriers of SS-WZ and lateral-SL Al1-xScxN as 
functions of Sc concentration. (b) Polarization of SS-WZ and lateral-SL 
Al1-xScxN as functions of Sc concentration. The dashed line shows the 
polarization calculated by the inserted linear function. 

 

Fig. 7. The averaged WZ internal parameter u of lateral-SL (solid square) 
and SS-WZ (open circle) Al1-xScxN as functions of Sc concentration. The 
dashed lines present the Al and Sc site resolved values, while the solid lines 
are the compositional weighted values. The inset illustrates the WZ internal 
parameter u in WZ-AlN. 

 

Fig. 8. Band gaps of 4 phases Al1-xScxN as functions of Sc concentration. 
Band gaps of SS-WZ and SS-H decrease almost linearly with incremental Sc 
concentration, while those of lateral-SL and SS-RS decrease much more 
rapidly. 

 

Fig. 9. LDOS heat map of lateral-SL Al0.5Sc0.5N along the b axis (up panel) 
and the corresponding side view of lateral-SL Al0.5Sc0.5N crystal structure. 
As the red dashed rectangle depicts, the RS-ScN part of lateral-SL has a 
much narrower band gap than the WZ-AlN part. 
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IV. CONCLUSION 

We studied the impacts of Sc doping concentration on the 
crystal structure and ferroelectric properties of Al1-xScxN, 
based on DFT calculations combined with a structure 
prediction evolutionary algorithm. A lateral-SL structure, 
consisting of a polar WZ-AlN part and an almost non-polar 
RS-ScN part, emerges as the stable phase of Al1-xScxN with 
high Sc concentration. Comparable with SS-RS, the RS-ScN 
part possesses a much smaller band gap than the WZ-AlN part, 
which can result in the higher conduction current. This 
suggests that the RS-ScN part might act as a leakage channel 
in lateral-SL, and could induce a considerable leakage current. 
These findings provide valuable insights into the mechanism 
of leakage behavior in Al1-xScxN. 
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