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This study presents an investigation into the stress effect on the leakage current in ferroelec-
tric Alp.7Sco 3N films by experiments and density functional theory (DFT) computations.
The experiments are based on 8-inch 100nm Alg 7Sco 3N films obtained from pulsed DC
co-sputter deposition technology, which exhibit non-uniform compressive in-plane stress
across the wafers and similar distributions of leakage current, suggesting close depen-
dence between each other. DFT computations revealed that stress affects leakage current
in two ways: the level of traps introduced by nitrogen vacancy and the formation energy
of nitrogen vacancy in Aly7Sco3N. By considering both factors, the leakage current of
Alp7Sco 3N films increases with larger compressive in-plane stress, as observed in the ex-
perimental results. Additionally, the DFT calculation results indicated that the leakage
current is more sensitive to compressive stress compared to the tensile and the minimum
leakage current can be obtained with neutral in-plane stress. These findings provide a

guideline for stress engineering to optimize the AlScN-based ferroelectric devices.
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Aluminum nitride (AIN), with a wurtzite structure, is a well-known piezoelectric material.!~*

After Akiyama found a tremendous enhancement of piezoelectric response in the Sc-alloyed
wurtzite Alj_yScxkN,> this ternary Ill-nitride alloy offers good prospects for high-frequency

12-14

filtering,"'! energy harvesting applications, and other piezoelectric devices.>~!7 Recently,

Alj_xScxN was demonstrated to be ferroelectric with a large switchable polarization, steep switch-

ing, and high Curie temperature,'3-2?

which has drawn great research interest.

The improved piezoelectric performance and unique ferroelectric behavior, as well as the high
compatibility with both complementary metal-oxide-semiconductor (CMOS) and III-nitride tech-
nology, make Al;_xScxN a promising material for multi-functional devices.!923-30 However, the
large coercive field and leakage current, which lead to higher operation voltages, larger power con-
sumption, and worse reliability compared with other ferroelectric materials, hinder the practical
integration and effective applications of Alj_,ScyN-based devices.!®1931-34 The large coercive
field of Al;_,Sc,N is commonly believed to arise from the huge crystal anisotropy,?®3>33 and the
high leakage current is attributed to the presence of defects, especially nitrogen vacancies (V) in
Al _xScyN.19293637 Dye to the widespread presence of in-plane stress in ferroelectric Alj_xScxN
films, numerous studies have been conducted to explore the coercive field and remnant polarization
modification using stress engineering,>*333839 but there is little research on the effect of stress on
the leakage current, which is also important for future applications.

In this work, by experiments and theoretical calculations, the effect of stress on leakage current
in ferroelectric Alp7Sco 3N thin films is elucidated. In experiments, the wafer-level distribution
of the leakage current and localized in-plane stress on an 8-inch 100nm Alg 7Scg 3N thin film are
systematically examined and compared, revealing the correlation between them. To explain the ob-
served correlation, through density functional theory (DFT) computations, we first calculated the
formation energies of various defects and confirmed that Vy is the dominant one in Aly7Sco 3N,
which introduces four defect levels within the band gap and leads to the Poole-Frenkel (P-F)
emission as the major leakage.'®*C Then we focused on the effect of in-plane stress on the Vy;, in-
cluding the trap levels and formation energy. The results show that the shallowest trap energy level
increases slowly with increasing compressive in-plane stress, while the formation energy changes
much more rapidly and decreases (increases) as the compressive (tensile) in-plane stress escalates.
By considering these two factors jointly, the leakage issue of Aly7Sco3N becomes severer with
incremental compressive in-plane stress, which is consistent with the experiments. Finally, the-

oretical results indicate that the leakage current is more sensitive to compressive in-plane stress
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FIG. 1. (a) Schematic of AlCu/Alp7Sco3N/Mo devices on an 8-inch wafer. A small portion of Aly7Sco3N
has been etched to form the via accessing the bottom electrode shared by the devices. (b) Leakage current
distribution of the MFM devices with 25V positive bias after polarization poling with +40V DC bias. (c) A
series of I-V curves of the devices located in different dies in (b), from the center region (X0YO) to the edge

region (X3YO0). The inset is an enlarged view of the gray box area in (c).

compared to tensile stress, and the neutral stress should be the target for leakage reduction.

The schematic diagram of AlCu/Alg7Sco3N/Mo devices on an 8-inch wafer is illustrated in
Fig. 1(a). AIN seed layer and 50nm Mo bottom electrode (BE) were deposited by sputtering on
the Si substrate. Then 100nm Alg7Sco 3N film was grown by reactive pulsed DC co-sputtering
from dual targets of Al and Sc in N, atmosphere. Wafer-level film stress was measured and
calculated with the Stoney equation. After stress measurement, a small portion of the AIScN film
was etched to form the via which exposes the Mo BE, followed by 100nm AICu top electrode (TE)
layer deposition using lift-off. Metal/ferroelectric/metal (MFM) capacitors were thus constructed

with a device area of 10*um?. The Mo BE, which is accessed by the via, is shared by all the
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FIG. 2. Local in-plane stress of the Aly7Sco 3N thin film. (a) Heat map of the local stress distribution
across the 8-inch wafer. (b) Local stress varies as a function of the radial position along the gray straight

lines marked in (a).

MFM devices. To avoid the impact of polarization direction on the leakage current, for all the
MFM devices, the leakage current was performed after polarization poling with +40V (4MV/cm)
DC bias, and the current density was obtained with 25V positive bias applied on the TE and BE
connected to ground.

Fig. 1(b) shows the distribution of leakage current of the ferroelectric Aly7Sco.3N-based MFM
devices on the 8-inch wafer and Fig. 1(c) presents a series of I-V curves of the devices located in
different dies, from the center region (X0YO) to the edge region (X3Y0). The measurement results
reveal a non-uniform distribution of leakage current across the wafer. A nearly central symmetric
pattern radiates from the center to the edge of the wafer. Within the central die, the MFM devices
experience the lowest leakage current. The current increases from the center of the wafer to the
edge, reaching up to five times the value of the center die.

In order to explore the correlation of this non-uniform leakage current distribution with the
in-plane stress, the distribution of the stress of the Alp7Sco 3N thin films has been measured. As
illustrated in Fig. 2, the whole 100nm Alg 7S¢ 3N thin film is under compressive in-plane stress,
and the central region is under less compressive stress around -800 MPa, while the edge is under
higher compressive stress around -2300 MPa. It should be noted that the in-plane stress of the
sputtered thin film is observed to exhibit variations along the thickness direction*!, progressively

relaxing from highly compressive as it approaches the surface. Since this thickness-dependency
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applies to the whole wafer, the stress on the upper surface of Aly7Sco 3N film was measured and
represented the local in-plane stress. In this way, a qualitative stress distribution across the wafer
was obtained. Comparing under the same standard, the stress distribution could represent the rela-
tive stress relationship in the devices. The in-plane stress is widespread in ferroelectric Alj_xScxN
films and could be adjusted by the fabrication conditions, such as epitaxial mismatch strain and

thermal strain from substrates and electrodes, 3242 18,33

33,34

partial pressure of the sputtering gas, sput-

tering power and growth temperature, and the electrical termination of the sputtering targets.*3
The inhomogeneity of local stress can be attributed to the difference in energy of ion bombardment
across the wafer during fabrication.** Similar to the non-uniform distribution of leakage current,
the local stress also presents a nearly central symmetric distribution, which is illustrated by the
heat map combined with the four cross-line data in Fig. 2. These results indicate an obvious pro-
portional dependence of the leakage current on compressive in-plane stress of the Alj_xScyN film.
This relationship is visualized in Fig. 3, which collects the leakage current data from Fig. 1 (b)
and stress data from Fig. 2, presenting that the leakage current increases with larger compressive
in-plane stress. To further prove the universality of this correlation in Al;_xScxN materials, the
measured leakage current and stress maps of another 8-inch wafer, with 100nm thickness sput-
tered Alg gScp 2N thin film on it, were provided in the supplementary material (Fig. S1). Though
the Alp.gScp 2N thin film is under smaller in-plane stress, the leakage current and local stress dis-
tributions are also nearly central symmetric, with leakage increasing at larger compressive stress
regions, similar to Alg7Sco 3N thin film.

Many possible factors may impact the leakage current in thin films, including point defects, film
crystallinity, grain boundary, domain structure, impurities, and so on. As for Al;_xScN films, the
source of the leakage current has been systematically investigated by previous works,!9:29-34.36.37
and it is widely acknowledged that the leakage current may originate from point defects. To ad-
dress the concern about the uniformity of film thickness and quality, the transmission electron mi-
croscope (TEM) and energy dispersive X-Ray spectroscopy (EDX) characterizations were carried

out with results shown in Fig. S2 and Table S1. Thus, the point defect-based leakage mechanism
and the corresponding stress effect should be considered first.

Starting from this point, a series of DFT calculations for point defects were carried out to gain
more insights into the underlying relationship between stress and leakage current of ferroelec-
tric Alp7Scp 3N thin films. The wurtzite Alggg755¢0.3125N solid solution atomic crystal model

was constructed based on special quasirandom structure (SQS) method**®, a genearal method to
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FIG. 3. The relationship between leakage current of the MFM devices and stress of the Alp7Sco 3N thin

film.

use a specific structure to represent the randomness of alloy material systems in first-principles
calculations, which implemented in the mesgs code*” of the Alloy Theoretic Automated Toolkit
(ATAT).*8 This Al 63755¢0.3125N SQS contains 44 Al, 20 Sc, and 64 N atoms within a 4x4x2 su-
percell composed of 32 wurtzite unit cells. DFT calculations were performed using the generalized
gradient approximations of Perdew-Burke-Ernzerhof GGA-PBE exchange-correlation functional

and the projector-augmented wave (PAW) pseudo-potentials,**-!

implemented in the Vienna Ab
initio Simulation Package (VASP) code.’?> The valence electron configurations of Al, Sc, and N
were set as 3s23p!, 3s23p®4s23d!, and 2s*2p>, respectively. The cutoff energy was set to 520 eV
for the plane-wave basis set, and the I'-centered k-points mesh was created with a resolution of
27x0.04 A~1. All structures were fully relaxed, including lattice vectors (except the structures
under in-plane stress) and atom positions, with a force criterion of 0.01 eV/A, and the conver-
gence for the self-consistent field (SCF) calculations was set to 1076 eV. The structural models in
this work were visualized by the Visualization for Electronic and STructural Analysis (VESTA)

program.’>

We first calculated the formation energies of various defects in a SQS Alg ¢g755¢0.3125N with

a 4x4x2 supercell, as illustrated in Fig. 4(a). The formation energy E ., of the defect « in the
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FIG. 4. (a) Side view (left) and top view (right) of the SQS of wurtzite Alje3755¢).3125N with a 4x4x2
supercell. (b) Formation energies of various defects inside the SQS Al 63755¢0.3125N as a function of the
Fermi energy above VBM, including N vacancy (Vy), Al vacancy (Va), Sc vacancy (Vs.), interstitial N
(N;), interstitial Al (Al;), interstitial Sc (Sc;), antisite Al at N (Aly), antisite Sc at N (Scy), antisite N at Al
(Nai), antisite N at Sc (Nsc). The superscripts represent the charge state. Each curve represents one type
of defect and consists of several segments, and each segment represents the charge state with the lowest
Eform at this Efe,m; (the slope determined by the charge state). The Ef,,., of V is plotted with solid line,
and the Ey,, of other defects are plotted with dashed lines for legibility. (c) Formation energies of various
neutral defects in Al eg75Sco.3125N. Clearly, the Vn has the lowest formation energy and is most likely to

be generated in Alg 63755¢0.3125N.
charge state ¢ is defined as>*
Eform(Q7, Efermi) = Eror(07) — Eyor (bulk) — Zniﬂi +4E fermi- )
i
Eo(t?) is the total energy derived from the DFT computation of the SQS supercell containing the
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defect, and E; (bulk) is the total energy of the defect-free SQS. n; is the number of type i atoms
added or removed from bulk to form the defect, and p; is the corresponding chemical potential
of this species. Efepy; is the Fermi energy, which means the chemical potential of the electrons.
Here, we take an intermediate condition of the chemical environment between Al-rich condition

and N-rich condition, i.e.

=3 { v (AD] + 5 [Exn (AIN) Emr<Nz>l}
N = % { BEm(AlN) —Em(Al)} + % [Emr(Nzﬂ} ’ @

Msc = Eior (SCN) — UN

where E; (Al), E;or (AIN), E;or(N2), and E;o (ScN) are the total energies of a one-atom unit of
cubic Al, a four-atom unit of wurtzite AIN, a N, gas molecule, and a two-atom unit of rock salt
ScN, respectively.

All the possible N/Sc/Al defect types (vacancies, interstitials, and antisites), charge states, and
relative sites in the SQS Al ¢375S¢o.3125N supercell have been taken into account. The lowest for-
mation energy of each defect type has been filtered out. The formation energies of these defects in
different charge states were calculated as a function of E¢.,;. As shown in Fig. 4(b), the most fa-
vorable charge state for a defect, possessing the lowest formation energy, changes as E . varies
between valance band maximum (VBM) and conduction band minimum (CBM). Each curve rep-
resents one type of defect and consists of several segments, and each segment represents the charge
state with the lowest Ef,, at this Ef,; (the slope determined by the charge state). The Fermi
energy at which the formation energies of charge state ¢; and ¢, are equivalent is identified as the

transition level, alternatively referred to as the defect level (g1 /¢2),>*

E orm aq170 —E orm aq270
e(q1/q2) = -2 ( ‘]i_lhf (@2,0), 3)

It is clearly illustrated in Fig. 4(b) that among most range of the Fermi energy, the VN possesses
the lowest formation energy, especially when the Fermi energy is around the center of the band
gap. Meanwhile, the formation of Vy introduces four defect levels into the band gap, which could
act as trapping centers for electrons and lead to an increment of leakage current.

Due to the difficulty of determining the accurate Fermi energy and the charge state, the forma-
tion energies of these defects in neutral charge states, which are independent of the Fermi energy

as shown in Eq. (1) with ¢ = 0, have been depicted in Fig. 4(c) as a supplement to describe the
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thermodynamic stability of the defect in AIScN. The results show that Vy has the lowest formation
energy of 2.55 eV, which is around half of the second lowest formation energy (N;), meaning Vy
is supposed to be the predominant one among various defects. Therefore, we focused on the effect
of stress on Vy.

Here, we took the P-F emission behavior as the dominant mechanism of leakage current in
Alj_xSciN thin films, which has been reported in our previous work,!® based on the same film
thickness and Sc concentration. This mechanism was verified by the linear relationship between
In(I/V) and V1/2, as shown in Fig. S3 in the supplementary material. In the P-F emission mecha-
nism, trap energy barrier e¢, and defect concentration ¢(¢) are affected by stress. The trap energy

barrier could be obtained from electronic band structure combined with defect level, as

ey = CBM —¢(q1/q2), @

and the defect concentration could be described based on the formation energy, as

Eforn(@)
77) ) (S)

c(a) o< exp (
where kp is the Boltzmann constant and T is the temperature.

To simulate the in-plane stress prevailing in sputter deposited Al;_xSckN thin films, an equibi-
axial in-plane strain was imposed on the SQS Alg ¢3755¢0.3125N through a constrained relaxation.
The in-plane lattice vectors [1000] and [0100] were fixed with the same rescaling factor in the con-
strained relaxation, while the lattice along [0001] direction and all atoms in the strained structure
were allowed to relax.>>% The in-plane strain was set between -0.02 to 0.02, with an interval of
0.002, based on the range of local stress displayed in Fig. 2 and the modulus of Alj_xScxN, while
the out-of-plane strain was relaxed with opposite polarity to the applied in-plane strain, as shown
in Fig. S4.

Fig. 5(a) presents the CBM of Algeg75Sc0.3125N and the four defect levels induced by Vi,
relative to the VBM of bulk, as functions of the in-plane strain. The missing data points of defect
level 4 with strain above 0.15 is due to the structural instability of Algeg755¢o 3125N with VII(
undergoing huge in-plane strain. In Fig. 5(a), it is obviously shown that the CBM and defect
levels 4 present similar monotonic trends, declining with larger strain (numerical), while the CBM
decreases at a faster rate, especially with tensile strain. Then, the trap energy barriers e¢; were
extracted via Eq. 4 and plotted in Fig. 5(b). The e¢;s of all the traps decrease monotonically with

increasing strain. A possible explanation is that these trap states are spatially localized rather
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FIG. 5. Effect of in-plane stress. (a) Electronic band edge of Alj ¢375S¢0.3125N and defect levels introduced
by Vn, referenced to the VBM. (b) Corresponding trap energy barriers e¢,. The inset is an enlarged view
of the gray box area in (b), illustrating the trend of the shallowest trap energy barrier. (c) Formation energy
(left axis) of V in Al eg75S¢o.3125N and in-plane stress of Al ¢g755¢0.3125N. (d) Normalized P-F emission

leakage current J/Jy, where J is the leakage without in-plane stress.

than coupled to the host system, resulting in a fairly weaker dependence on the lattice constant
compared to the CBM.>* The shallowest trap energy barrier e@,, dominating the P-F emission
leakage over other trap levels, is around 0.6 eV, comparable to the reported results in Ref.19 and 40,

and as clearly illustrated by the inset, e¢;, decreases rapidly after the transition from compressive

to tensile in-plane strain.

The effect of in-plane strain on the formation energy of Vy in Algeg755¢0.3125N and the cor-

responding in-plane stress are depicted in Fig. 5(c), both exhibiting a linear relationship with
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in-plane strain. Based on the P-F emission mechanism and results of Figs. 5(b,c), it is evident
that with increasing compressive in-plane stress, on the one hand, higher trap energy barrier ey,
could decrease the leakage current, but on the other hand, lower formation energy of Vy brings

higher defect concentration which leads to larger leakage current. Taking an approximation of the

Erorm(V —
J o< exp (7%;1\1)> X exXp (f%), 6)

we considered the interaction of these two factors and obtained the normalized P-F emission leak-

leakage current as

age current J/Jy, where Jj is the leakage under a stress-free condition. From the results shown
in Fig. 5(d), it can be concluded that the leakage current of Al eg75Sco 3125N increases with in-
creasing compressive in-plane stress. From the experimental results in Figs. 1 and 2, it can be
observed that the measured leakage current at the wafer edge with an in-plane stress of approx-
imately -2300 MPa (corresponding to a strain of -0.008) is about 3.7-5.5 times higher than that
at the wafer center with a stress of around -800 MPa (corresponding to a strain of -0.003). This
measured current ratio is consistent with the theoretical estimation presented in Fig. 5(d). Addi-
tionally, when Al ¢g75S¢o 3125N undergoes increasing tensile strain, e¢y, decreases rapidly, which
results in the increase of leakage current by decreasing e¢;, nearly canceling out the decrease of
leakage current by increasing E form(VN). As shown in Fig. 5(d), the leakage current is less sensi-
tive to tensile in-plane stress, which requires further exploration in future experiments. In terms of
film optimization, the results in Fig. 5(d) indicate that the lowest leakage current is achieved with
neutral in-plane stress in the thin film.

To verify the Vn-based leakage mechanism, it’s critical to detect and control the Vi in AIScN
ferroelectric thin films. However, due to the low atomic number of Nitrogen, it’s a challenging
task to detect the Vy directly. Recently, scanning transmission electron microscopy (STEM) was
implemented to observe and quantify real-time polarization switching in Alg 94Bg.06N, which is a
similar ferroelectric wurtzite to AIScN, at the atomic scale’’. Based on differentiated differential
phase contrast (dDPC) STEM images, both Al(B) and N can be identified and determined with
atomic-column positions. This method should enable the detection of Vy in both AIScN and
other ferroelectric wurtzite materials. Controlling the Vi could be more feasible with an accurate
detecting method for Vy in AIScN, by adjusting the fabrication depositions, which lead to changes
in chemical potentials and defect formation energies.

In summary, the stress effect on the leakage current of ferroelectric Aly7Sco 3N thin films has

been investigated through experiments and theoretical calculations based on DFT. The correlation
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between in-plane stress and leakage current of Alp7Sco3N was clearly revealed by the similar
non-uniform distribution across the wafer. Based on the analysis of formation energies of various
defects, Vy is confirmed as the dominant intrinsic defect and acts as the trap center for P-F emis-
sion in Algeg755¢0.3125N thin film. More importantly, two competitive effects of in-plane stress
on leakage have been found, via trap energy barrier e¢y, and formation energy E r,,(VnN), where
the former decreases the leakage current with increasing compressive in-plane stress, while the
latter increases the leakage. By considering both effects in the P-F emission, the leakage current
of Alpe8755¢0.3125N increases with higher compressive in-plane stress and is quantitatively con-
sistent with the empirical results. In addition, theoretical calculations indicated that the leakage
current is insensitive to tensile in-plane stress and the lowest leakage current can be achieved under
the stress-free condition. These insights could help in stress engineering for the optimization of

ferroelectric Alj_xScxN thin films.

SUPPLEMENTARY MATERIAL

See the supplementary material for the leakage current and local stress distributions of Aly gSco 2N
thin film, the TEM and EDX results of the center region and edge region of the Al 7Scy 3N thin
film wafer, the linear relationship between In(I/V) and v/ 2 and the variation of the c lattice

constant of Al eg75S¢o.3125N with different in-plane strain.
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