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Dielectric and antiferroelectric materials are particularly promising for high-power energy-storage applica-

tions. However, relatively low energy density greatly hinders their usage in storage technologies. Here, we

report first-principles-based calculations predicting that epitaxial and initially non-polar AlN/ScN superlattices

can achieve an ultrahigh energy density of up to 200 J/cm3, accompanied by an ideal efficiency of 100%. We

also show that high energy density requires the system being neither too close nor too far from a ferroelectric

phase transition under zero electric field. A phenomenological model is further proposed to rationalize such

striking features.

Electrostatic capacitors that are based on dielectric or an-

tiferroelectric materials are promising energy storage compo-

nents in various electronic applications because of their higher

power density, faster charging/discharging rates, and better

stability when compared with supercapacitors and batteries

[1–16]. However, their relatively low energy density is the

main bottleneck towards energy-storage applications, while

intensive efforts have been devoted to find novel compounds

with improved storage properties. In general, the recover-

able energy density (Urec) is determined by the work done

by the electric field during discharging, Urec =
∫ Pmax

Pr
EdP ,

where Pmax and Pr are the maximum and remnant polariza-

tion, respectively. To achieve high energy density, it is usu-

ally required to have high Pmax, low Pr, and high break-

down strength [5–10]. The efficiency is defined as η =
[Urec/(Urec + Uloss)] × 100%, where Uloss is the energy loss

density. Therefore, a linear dielectric material has an energy

density (U ) of U = 1

2
ε0εrE

2, where ε0 is the vacuum per-

mittivity, εr is the relative permittivity, and E is the electric

field. Obviously, high values of permittivity εr and break-

down strength Ebreak lead to large energy density [17–19]. On

the other hand, nonlinear dielectrics – usually including fer-

roelectrics, antiferroelectric, and relaxors – have either low

energy density (in ferroelectrics) or dissipative energy losses

that can reduce efficiency (in antiferroelectrics and relaxors).

For instance, the energy density is low for a ferroelectric ma-

terial, due to large remnant polarization [19].

To maximize both energy density and efficiency, one can

in fact imagine a nonlinear type dielectric material that can

combine the advantages of a ferroelectric and a linear di-

electric, i.e., possessing large polarization under high field,

and being nonpolar under zero field as well as reversible.

This would require the nonlinear dielectrics to have large εr
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and high Ebreak [11–16]. A promising candidate is the III-V

semiconductor-based systems made by mixing AlN and ScN

to form Al1−xScxN solid solutions or AlN/ScN superlattices,

that have been attracting much attention due to their poten-

tial for high piezoelectric and electro-optic responses [20–29].

Note that a recent experiment observed a ferroelectric switch-

ing in Al1−xScxN films, with a remnant polarization reach-

ing a very large value – in excess of 1.0 C/m2 [25] – which

contrasts with the case of pure AlN that is of wurtzite-type

structure [30, 31] and is polar but not ferroelectric. Note that

for larger Sc compositions (above 43%), Al1−xScxN can be

non-polar [20, 21, 25].

The aim of this Letter is to demonstrate and explain why

very promising energy-storage can be achieved in (Al,Sc)N

systems being initially in a non-polar phase but at close prox-

imity with a ferroelectric state that is easy to reach under elec-

tric fields.

Here, first-principles calculations are performed on (001)

epitaxial 1×1 AlN/ScN superlattices within the local density

approximation (LDA) to the density functional theory (DFT),

as implemented in the ABINIT package [32]. The epitaxial

strain is defined as ηin = (a − aeq)/aeq, where aeq is the in-

plane lattice constant corresponding to the equilibrium P 6̄m2
phase of bulk 1×1 AlN/ScN superlattices [27]. A 6 × 6 ×

4 k-point mesh and a plane-wave kinetic energy cutoff of 50

Hartree and of 60 Hartree are employed for structural relax-

ation. The higher value of 60 Hartree is used to minimize the

Pulay error in the stress. A dc electric field, E, is applied

along the [001] direction (c-axis) by adopting the method de-

veloped in Refs. [33–36]. For each field-induced structure,

the electrical polarization, P , along the c-axis is computed

from the Berry phase method [37, 38] and P -E curves are

then obtained. Note that, for each chosen strain and applied

dc electric field, the in-plane lattice vectors are kept fixed dur-

ing the simulations while the out-of-plane lattice vector and

atomic positions are fully relaxed, until the force on each atom

is smaller than 10−6 Hartree/Bohr – in order to simulate epi-

taxial films under electric field.
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Due to Landauer’s paradox, the theoretical electric field is

typically larger compared with measurement [9, 39–42], and

the electric fields considered in this Letter have been rescaled

by a factor of 1/3, in order that the P -E loop of the 1×1

AlN/ScN system under a −3% strain matches the experi-

mental one corresponding to a Al0.57Sc0.43N film [25] – as

demonstrated in Fig. S1 of the Supplemental Material (SM)

[43]. Note that such rescaling of computational electric fields

is material-dependent but not phase-dependent for a given ma-

terial [39]. For instance, Ref. [39] demonstrated that a rescal-

ing of the electric field is able to reproduce very well the elec-

tric field-versus-temperature phase diagram of the complex

Pb(Mg,Nb)O3 system, with this phase diagram involving dif-

ferent phases (e.g., relaxor paraelectric versus ferroelectric)

and even different orders (first versus second) of the phase

transitions. Regarding the magnitude of the (renormalized)

fields to be considered here, it is first worthwhile to indicate

that a recent experiment reported a feasible electric field as

high as ≃5 MV/cm in Al1−xScxN films [25]. Moreover, one

can also estimate the intrinsic breakdown field of such systems

empirically, which depends on the band gap [50]. Our pre-

dicted gap of 3.1 eV after correction (to account for the typi-

cal underestimation of LDA) of the 1×1 AlN/ScN superlattice

ground state [27] yields an intrinsic breakdown field, Ebreak,

of 6.3 MV/cm, which will be the maximum fields considered

here. Note that the estimated breakdown field is reasonable

since (1) Yazawa et al. reported the highest applied electric

field (∼6 MV/cm) in epitaxial Al0.7Sc0.3N film [28]; and (2)

Yasuoka et al. also reported very large coercive fields of the

order of 4-7 MV/cm and maximum applicable electric fields

of the order 5-10 MV/cm in Al1−xScxN films [29]. We also

used another method [47, 48] to estimate the intrinsic break-

down field, which provides a value of ∼6.59 MV/cm, that is

rather close to the 6.3 MV/cm field used in our manuscript

(see the SM [43]).

For the 1×1 AlN/ScN superlattices under different epitax-

ial strains, previous studies have predicted the existence of

different phases [26, 27], including a wurtzite-derived struc-

ture (polar P3m1 space group with a polarization along the

c-axis) and a hexagonal-derived structure (non-polar P 6̄m2
space group). They are related to each other by a continu-

ous change in the internal parameter (u) and the axial ratio

(c/a) [27]. Figure 1(a) shows the P -E curves for strain val-

ues larger than −0.5% (from compressive to tensile), with the

hexagonal-derived structure as ground state [see Fig. 1(b) for

such structure at 1% strain under zero field]. The structure as-

sociated with the electric field of 5 MV/cm is polar and close

to the wurtzite-derived structure [see Fig. 1(c)].

When the strain is between −5% and −1% (as shown in

Fig. S1(b) of the SM [43]), the P -E loops show typical sin-

gle hysteresis of ferroelectrics with switching of polariza-

tion between the two degenerate wurtzite-derived structures,

and the magnitudes of the critical fields depend very strongly

on strain. Similar strong dependency was also observed in

Al1−xScxN solid solutions with respect to the Sc composi-

tion [25]; therefore, it suggests that varying composition in

the solid solution or changing the strain for a fixed alloy or

superlattice may involve similar physics. Due to the strong

FIG. 1. (a) P -E hysteresis curves with different epitaxial strains

with the ground state being a hexagonal-derived structure in 1×1

AlN/ScN superlattices. Crystal structures of 1% tensile strain under

electric fields of (b) 0 MV/cm and (c) 5 MV/cm, respectively, in 1×1

AlN/ScN superlattices. (d) Energy density versus misfit strain for

two different ending electric fields of 5.0 MV/cm and 6.3 MV/cm.

strain dependency, the hysteresis rapidly shrinks with reduced

compressive strain, and completely vanishes beyond −0.5%

strain, as depicted in Fig. 1(a). In this range of strains, the

ground state becomes the non-polarP 6̄m2 hexagonal-derived

phase. More interestingly, the P -E curve is very nonlinear at

small compressive strain (e.g., −0.5%) – starting with large

dielectric susceptibility at small field and saturating at ele-

vated field – while it becomes more linear as the strain in-

creases (e.g., 1%). And the transition to the polar wurtzite-

type phase is predicted to be continuous and fully reversible

upon increasing and decreasing electric fields.

Let us now check the energy storage properties for the

1×1 AlN/ScN superlattices for misfit strains varying between

−0.5% to +1%. The first feature to realize is that the en-

ergy efficiency is automatically 100% because the charging

and discharging processes are completely reversible, as re-

vealed by the continuous P -E curves of Fig. 1(a). The en-

ergy density is depicted in Fig. 1(d) for epitaxial strain ranging

between −0.5% and +1%, with the maximal applied electric

field being 5 MV/cm that has been realized experimentally

[25] in this type of nitride semiconductors, and 6.3 MV/cm

estimated as the intrinsic breakdown field. It is striking that

the energy density reaches (slightly strain-dependent) val-

ues varying between 127 and 135 J/cm3 and between 187

and 200 J/cm3 when using 5 MV/cm and 6.3 MV/cm for

the largest applied field, respectively. All these energy den-

sities and efficiencies are thus predicted to be giant, since

they are much larger than those measured in lead-based and

lead-free dielectric thin films [6, 12, 14, 15, 51–54], such as

(Bi0.5Na0.5)0.9118La0.02Ba0.0582(Ti0.97Zr0.03)O3 (BNLBTZ)

epitaxial relaxor (154 J/cm3 and 97% for a maximum ap-

plied field, Emax = 3.5 MV/cm) [6], BiFeO3-BaTiO3-SrTiO3

solid solutions (112 J/cm3 and 80% for Emax = 4.9 MV/cm)

[12], Pb0.88Ca0.12ZrO3 (91.3 J/cm3 and 85.3% for Emax
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FIG. 2. (a) Electric field versus polarization for strains at 0.25%

(the solid green line represents the fit of the DFT results by the Lan-

dau model), with the yellow area showing the energy density. (b)

Evolution with strain of fitting parameters a and b (see text). Strain-

dependence of (c) Pmax and (d) energy density results obtained from

DFT and Landau model. These data correspond to a maximal applied

electric field of Ebreak = 6.3 MV/cm.

= 5 MV/cm) [14], and ion-bombarded relaxor ferroelectric

0.68Pb(Mg1/3Nb2/3)O3-0.32PbTiO3 (PMN-PT) films (133

J/cm3 and 75% for Emax = 5.9 MV/cm) [15]. The 100%

efficiency and the giant energy densities suggest that the

1×1 AlN/ScN superlattices are highly promising for energy-

storage applications.

To understand these results, let us recall that, a nonlinear

dielectric with no energy dissipation has an energy density U
has the following form:

U =

∫ Pmax

0

EdP, (1)

where Pmax is the maximum polarization, exhibited at the

highest applied field, Emax. Figure 2(a) displays the (positive)

electric field applied along the [001] pseudo-cubic direction

as a function of polarization for one particular misfit strain at

0.25%. The area shown in yellow of Fig. 2(a) is the energy

density.

The energy density in Fig. 1(d) can be understood based on

a simple Landau-type free energy that describes the behavior

of a nonlinear dielectric:

F =
1

2
aP 2 +

1

4
bP 4

− EP, (2)

where a and b are coefficients of the quadratic and quartic

terms, respectively, and they are positively defined for a para-

electric or non-polar phase.

Noting that at equilibrium condition, we have ∂F
∂P = 0,

which leads to

E = aP + bP 3. (3)

Thus, the polarization is zero without the application of an

electric field. Consequently, the energy density can be written

in the simple following form:

U =

∫ Pmax

0

(aP + bP 3)dP =
1

2
aP 2

max +
1

4
bP 4

max. (4)

As shown in Fig. 2(a), the electric field versus polarization

(E-P ) data for strains at 0.25% can be very well fitted by

Eq. (3). In fact, Eq. (3) fits remarkably well the DFT E-P
data for all the considered strain ranging between −0.5% and

+1% (see Fig. S3 of the SM [43]). Figure 2(b) shows the fit-

ting parameters a and b as a function of epitaxial strain ranging

between −0.5% and +1%, for electric fields up to the intrin-

sic breakdown field Emax = Ebreak = 6.3 MV/cm. Interestingly,

Fig. 2(b) reveals that the fitting parameter a linearly increases

when the strain increases from −0.5% to +1% (a varies from

2.5×108 V·m/C to 6.7×108 V·m/C). In contrast, the b param-

eter linearly decreases with strain, with the change of b being

much smaller in percentage than a and taking values ranging

between 6.2×108 V·m5/C3 and 5.2×108 V·m5/C3. Note that

the a parameter of the Landau expansion is negative in our

phenomenology model when the ground state of the superlat-

tice is ferroelectric (see Fig. S4 of the SM [43]).

Figure 2(c) displays the value of the polarization, Pmax, for

Emax = 6.3 MV/cm, as a function of strain both from DFT

calculations and the Landau model using the DFT-fitted a and

b in Eq. (3). One can first clearly see that, for any of these

strains, the DFT and Landau model provide nearly identical

results. According to Fig. 2(c), Pmax is larger than 0.7 C/m2

for any considered strain ranging between −0.5% and +1%,

which reflects that the structure at such high field is wurtzite-

like. Note that, for Emax = Ebreak, Pmax linearly decreases

with strain from 0.88 to 0.70 C/m2, which can be simply un-

derstood by the fact that increasing strains towards and within

the tensile regime is known to reduce the out-of-plane polar-

ization in ferroelectric systems [26, 55, 56].

To understand the results in Fig. 1(d), we use Eq. (4) to ob-

tained the energy density for different strains at Emax = 6.3

MV/cm. Figure 2(d) shows that the Landau model agrees

rather well with the DFT-obtained energy density, with an

excellent agreement at small strain and a slightly increasing

discrepancy at larger strains (less than 2% at 1.0% strain), im-

plying the validity of the Landau model. Equation (4) tells

us that the energy density is the sum of two terms – that are
1

2
aP 2

max and 1

4
bP 4

max. The first contribution depends on the

product of the a parameter and P 2

max, and is numerically found

to increase when the strain is enhanced between −0.5% and

+1% (see Fig. S5 of the SM [43]). The second contribution is

the product between the b parameter and P 4
max, and decreases

with strain since b slightly decreases when changing the strain

from −0.5% to +1% while Pmax is reduced with strain, as

a consequence of the aforementioned coupling between out-

of-plane polarization and in-plane strains [see Figs. 2(b) and

2(c)]. Practically, the contribution of 1

2
aP 2

max (respectively,

of 1

4
bP 4

max) to the total energy density is 51% (respectively,

49%), 73% (respectively, 27%), and 84% (respectively, 16%)

for strains at −0.5%, 0.25%, and 1%, respectively. Note also
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that the strain dependency of 1

2
aP 2

max and 1

4
bP 4

max, along with

the dependency of Pmax on Emax [see Fig. 1(a)], leads to a

maximum value of the total energy density U occurring at a

specific strain for a given Emax, while different Emax can fur-

ther quantitatively modulate the performance. For instance,

such maximum occurs at 0% and 0.25% misfit strain when the

largest applied field is 5 MV/cm and 6.3 MV/cm, respectively

[see Fig. 1(d)].

As evidenced above, we numerically found that the energy

density at its maximum value, for our selected Emax of 6.3

MV/cm, mostly (i.e., at 73%) depends on the a parameter and

Pmax via 1

2
aP 2

max. Let us thus fix b as a constant and vary the

a parameter for the case of Emax = 6.3 MV/cm, and com-

pute the resulting Pmax and energy density using Eqs. (3) and

(4). The results are shown in Fig. S6 of the SM [43]), which

reveal that the energy density varies non-monotonically with

the a parameter at a selected strain of 0.25%, presenting a

maximum, Umax, b-fixed, for an intermediate a value. Note that

small a gives smaller density than Umax, b-fixed because 1

2
aP 2

max

is reduced via the a parameter; while larger a also provides

an energy density being smaller than Umax, b-fixed because now

Pmax is weakened in 1

2
aP 2

max. These facts automatically imply

that there is a trade-off to have large energy density: the sys-

tem should not be too close (i.e., should not have a very small

a) but also not be too far (i.e., should not possess a too large

a) from a ferroelectric phase transition.

In summary, we have performed first-principles calcula-

tions to investigate the energy-storage properties and out-of-

plane strains in epitaxial 1×1 AlN/ScN superlattices. We find

that these systems exhibit very high energy-densities up to

200 J/cm3 and an ideal 100% efficiency. Interestingly, we

also found that such systems can simultaneously exhibit ul-

trahigh strain levels of about 10%, as detailed in the SM [43].

Note that InN can be used as a substrate to get 0.3% of strain

[27] to achieve the predicted performance, which is promis-

ing for energy storage in our proposed system. Such unusual

and promising features originate from high values of the elec-

tric field that can be applied in these systems, and in particular

from a nonlinear electric-field-induced strong polarizability of

the non-polar hexagonal-like polymorph. A simple Landau

model is developed to analyze and understand these results,

which also suggests that (Al,Sc)N disordered solid solutions

should also possess these “wunderbar” properties for compo-

sitions lying in the non-polar regime near but not too close to

the border with the wurtzite-like structure. The proposed new

concept of using nonlinear and non-polar systems close to a

ferroelectric state as an energy storage material is general and

we expect that other materials with similar characteristics are

also good candidates for energy storage.
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