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Lead-free (K;sNa,s)NbO; (KNN) and Lij o4(K, sNag 5)50,NbO; (LKNN) thin films were fabricated by a sol-gel method. The
effects of Li substitution on crystal structure, microstructure and electrical properties of KNN film were systematically studied. Li
doping can enhance the ferroelectric and piezoelectric properties of KNN film. Compared with pure KNN film, the LKNN film
possesses larger remanent polarization (P, ~ 9.3 uC/cm?) and saturated polarization (P, ~ 41.2 ¢C/cm?) and lower leakage current
density (~ 10 A/cm? at 200 kV/cm). Meanwhile, a typical butterfly shaped piezoelectric response curve is obtained in the LKNN
film with a high piezoelectric coefficient (dy; ~ 105 pm/V). Excellent fatigue resistance (~ 10° switching cycles) and aging resis-
tance (~ 180 days) demonstrate the long-term working stability of LKNN film. These findings indicate that KNN-based lead-free
piezoelectric films have a broad application prospect in microelectromechanical systems (MEMS).

Keywords: Lead-free; thin films; (K, sNa, s)NbO;; sol-gel; piezoelectric property.

1. Introduction

With the rapid development of components toward miniatur-
ization and integration, piezoelectric films have been widely
used in microelectromechanical systems (MEMS) such as
microsensors, microactuators and energy harvesters.' Lead
zirconate titanate [Pb(Zr, Ti)O; (PZT)] piezoelectric thin film
is regarded as one of the most representative piezoelectric
materials and occupies most of the market due to its excellent
electrical properties.*> However, considering increasingly
serious lead pollution in recent years, lead-free piezoelec-
tric films are urgently needed. Among many lead-free piezo-
electric materials, potassium sodium niobate [(K,Na)NbO,
(KNN)]-based materials have been widely studied due to
the excellent ferroelectric and piezoelectric properties, and
high Curie temperature (T = 420°C).%° Several methods
have been applied to the fabrication of KNN films, such as
RF-sputtering,'®!'" pulsed laser deposition,'>!3 and sol-gel
method.'*'7 Among these preparation methods, the sol-gel
method is widely used in particular because of its simplicity,
low cost and excellent composition uniformity.

Many researchers are committed to improving the
piezoelectric and ferroelectric properties of KNN materials
through A-site (such as Li) or B-site (such as Sb and Ta)
doping.'®1° However, most studies involve rather complex
chemical compositions of Li, Sb and Ta co-doping, mak-
ing composition inhomogeneity become an inevitable chal-
lenge.?® However, it is reported that doping a small amount
of Li ions (< 8 mol%) in KNN is one of the effective ways to
improve piezoelectricity.?!-3 In addition, it is also attractive

*Corresponding author.

to use only Li due to expensive Ta and toxic Sb. Note that the
Li-doped KNN films have a good compositional uniformity
because Li, Na and K are all alkali metals. Lin ef al. reported
that Lij 3,(K sNay 5)0.06NbO5 lead-free piezoelectric thin film
with a thickness of 500 nm was annealed at 700°C, and the
value of piezoelectric coefficient d;; was 48.1 pm/V.2* Goh
et al. reported that 0.985K, sNa, sNbO;—0.015LiNbO; thin
film with a thickness of 1.26 um was annealed at 700°C, and
the value of piezoelectric coefficient dy; was 83.1 pm/V.>
Unfortunately, the dy; values of these reported LKNN films
are much inferior to that of PZT thin films (~ 300 pm/V),?
which limits their application in MEMS devices. Many
vacancy defects are introduced into the film during the high
temperature annealing process due to the volatilization of
K and Na ions in KNN film, which directly influences the
piezoelectric properties. Therefore, it is still a challenge to
fabricate KNN-based films with high piezoelectric coeffi-
cient ds;.

In this report, the pure KNN film and Li (K, sNay 5) 04NbO;
(LKNN) film were prepared by a sol-gel method on Pt/Ti/
Si0,/Si substrates. Excessive 10 mol.% Na and K compen-
sate for alkali volatilization during heat treatment. Both films
have a thickness of 800 nm and are annealed at 650°C to
appropriately reduce volatilization of alkali ions. The results
show that LKNN film has a high piezoelectric coefficient (ds;
~ 105 pm/V), which can be attributed to both the preferred
orientation and the lattice structure evolution. The LKNN film
displays improved ferroelectric properties (P, ~ 9.3 uC/cm?)
and low leakage current density (~ 10~ A/cm? at 200 kV/cm)
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without fatigue and aging characteristics. In addition, the
leakage mechanism of LKNN film is also revealed, which
is dominated by Ohmic mechanism at low electric field and
controlled by Fowler—Nordheim (FN) tunneling at high elec-
tric field.

2. [Experimental Procedure

The lead-free KNN and LKNN films were deposited by a sol—
gel method combined with a layer-by-layer annealing process
on Pt/Ti/Si0,/Si substrates. First, sodium acetate [NaOC,Hs]
(Sigma-Aldrich, 99%), potassium acetate [KOC,Hs] (Sigma-
Aldrich, 99%), and acetylacetone lithium [CsH,O,Li]
(Aladdin, 99.9%) were selected as raw chemicals. These
materials were dissolved in a solvent of 2-methoxyethanol
mixed with acetic acid and refluxed at 70°C for 30 min. Here,
10 mol.% excess sodium (Na) and potassium (K) were added
to compensate for the volatilization of alkali ions during the
thermal treatment process. This solution was named No. 1.
Second, Ethanol niobium [Nb(OC,HS5);] (Sigma-Aldrich,
99.9%) was added to acetylacetone and acetic acid under the
atmosphere of nitrogen, and then, the solution was refluxed
at 70°C for 30 min. The solution was called No. 2. With the
solution of No. 1 being dropped into No. 2, the final precursor
solution with a concentration of 0.3 mol/L was obtained. The
solution was aged for at least 24 h to maintain stability.

The prepared precursor solutions were spin-coated onto
the Pt/Ti/Si0,/Si substrates at a speed of 3000 r/min for 30 s.
After each layer was deposited, the precursor films were
dried on a heating plate at 200°C for 2 min followed by an
annealing process at 650°C for 5 min in a rapid thermal pro-
cessor for complete crystallization. The spin coating and
thermal treatment process were repeated several times until
the sufficient thickness of films was achieved.

The crystal phase structures of the films were examined
by X-ray diffraction (XRD, Bruker D8, Germany) using
Cu-Ka radiation. The surface and cross-sectional micro-
structures of films were observed using an atomic force
microscope (AFM, Bruker dimension icon, Germany) and
a field-emission scanning electron microscope (FESEM,
ZEISS Gemini300, Germany), respectively. The polariza-
tion-electric field hysteresis loops and leakage current of the
films were evaluated using a ferroelectric tester (aixACCT
TF3000, Germany) at room temperature, at the frequency of
10 kHz. An impedance analyzer (Agilent 4294A, USA) was
employed to measure the dielectric constant and loss spectra.
The piezoelectric properties of the films were characterized
by the piezoresponse force microscope (PFM, Bruker dimen-
sion icon, Germany).

3. Results and Discussion

Figure 1(a) shows the XRD patterns of KNN and LKNN
films deposited on Pt/Ti/SiO,/Si substrates in the 20 range
of 20°-60°. The diffraction peaks of substrate were also
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Fig. 1. (a) XRD patterns of KNN and LKNN films; (b) the

corresponding magnified patterns of (a) in the vicinity of 20 =
21.5°-23.5°.

introduced in the figure. Both KNN and LKNN films dis-
play an orthorhombic perovskite structure distinctly with-
out secondary phase. It can be proved that the introduction
of Li ions has no effect on the structure of the KNN film,
and Li ions can enter into the lattice of the KNN perovskite
structure. In addition, it should be noted that the (100) peak
and the (110) peak show comparable intensity in the XRD
pattern of pure KNN. The intensity of (100) peak increases
and that of (110) peak decreases when Li is added to the
film, suggesting that the LKNN film exhibits a preferred ori-
entation of (100) direction. Compared with the random ori-
entation, the KNN films with preferred orientation of (100)
have better piezoelectric properties due to the piezoelectric
anisotropy characteristics.?’” Figure 1(b) shows the amplified
XRD patterns in the 26 range of 20.5°-23.5°. Following with
the addition of Li ions, the (100) peak slightly shifts to a
higher diffraction angle. This is due to the relatively small
ionic radius of Li* (0.076 nm) compared to Na* (0.102 nm)
and K* (0.138 nm).

Figures 2(a) and 2(b) show the surface images of the
region of 2 x 2 um? of the KNN and LKNN films, detected
by an AFM. Both films show relatively uniform and dense
microstructures, indicating that the films are well crystallized.
The average grain sizes of pure KNN film and Li-doped KNN
film are 47 nm and 72 nm, respectively. Generally, lithium
can be used as a sintering aid and decrease the sintering tem-
perature, which is widely used in the preparation of thin films
and bulk materials.?3-2* Thus, the ferroelectric thin film with
higher Li content has more sufficient grain growth and larger
grain size than the pure KNN thin film under the same anneal-
ing condition. Besides, the root mean square roughness (R,,,)
values of the KNN and LKNN films are 3.6 nm and 4.5 nm,
respectively. The film roughness increases with grain growth.
Figures 2(c) and 2(d) present the cross-sectional FESEM
images of the KNN and LKNN films. The thickness of both
films is measured to be approximately 800 nm, and a clear
boundary can be observed between the film and the substrate,
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Fig. 2. AFM images of (a) KNN film and (b) LKNN film;
cross-sectional field emission scanning electron microscopy (FE-
SEM) images of (¢) KNN film and (d) LKNN film.

indicating that KNN and LKNN films have been successfully
prepared.

Figure 3 presents the frequency-dependent dielectric
constant (¢,) and dielectric loss (tand) of KNN and LKNN
films tested from 1 kHz to 1 MHz. The values of ¢, for both
samples slightly decrease with increasing frequency, which
can be explained by the fact that the charges of the interface
can follow the change of the alternating current at low fre-
quency, resulting in higher capacitance and dielectric con-
stant.”® The &, values of KNN film and LKNN film are 320
and 360 at 1 kHz, respectively. Compared with pure KNN
film, the enhanced ¢, value of Li-doped film is closely related
to higher polarization: (i) The substitution of Na and K with
Li of smaller diameter supplies larger vibration space in
Nb-O octahedron, resulting in enhanced polarization.?® (ii)
In the LKNN film with large grain size, the pinning effect
of space charges on domain is weak, which improves the
polarization.?’

In addition, the values of tané decrease at first and then
increase with the increase of frequency. At low frequency,
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Fig. 3. Frequency dependences of the dielectric constant (¢,) and
dielectric loss (tand) for the KNN film and the LKNN film.
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Fig. 4. J-E characteristics of KNN and LKNN films on Pt/Ti/SiO,/
Si substrates.

the values of tané are mainly affected by leakage current and
gradually decrease with the increase of frequency. Therefore,
tané tends to decrease first at low frequency, while at high
frequency, the defect dipole relaxation becomes the main
influencing factor. As the frequency continues to increase,
the defect dipoles cannot keep up with the frequency change,
resulting in the increase of loss.?*3! The dielectric loss of
LKNN film is lower compared to that of KNN film in the
whole frequency range, and the value of tané is only up to
0.05 at the frequency of 1 kHz, indicating that lithium doping
can significantly reduce the dielectric loss.

Figure 4 shows the leakage current density versus elec-
tric field (J-E) curves measured at room temperature of the
undoped and Li-doped KNN films. The leakage current den-
sity of both samples increases exponentially with the increase
of electric field. Compared with the pure KNN film, the leak-
age current density of the LKNN film is lower in the whole
tested range. For the LKNN thin film, the leakage current
density is about 108 A/cm? at the low-electric field of 10 kV/
cm, even at the high electric field of 200 kV/cm, the leakage
current density is relatively low, in the order of 1075 A/cm?. It
is generally believed that leakage current density is affected
by grain boundary content and charged defects. On the one
hand, the KNN film has smaller grains and more grain bound-
aries, which can provide more conduction channels for leak-
age charges, resulting in greater leakage current density.3> On
the other hand, in the process of heat treatment, a number of
cation vacancies and oxygen vacancies are introduced due to
the volatilization of K and Na ions in the KNN film, which
seriously affects the quality of the film and increases the leak-
age current of the film. The addition of Li ions compensates
the charged defects partly and reduces the leakage current of
the film.*

Both films represent almost the same asymmetric leak-
age trend with the electric field, suggesting that the leakage
mechanisms are similar for both films. The linear fitting of
Li-doped film is carried out under negative and positive biases
respectively to explore the leakage mechanism of the film,
and the results are shown in Fig. 5(a). According to the fitted
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slope values, the log curves of both films can be divided into
two regions. In the low-electric field region, the curve fitting
slope of both films under positive and negative biases is close
to 1.0, which indicates that the conduction mechanism of the
film follows the Ohmic mechanism.** In the high-electric
field region, the fitting slopes of the film suddenly increase.

For clarity, the J-E curves of LKNN thin film under neg-
ative and positive biases have been fitted according to sev-
eral conduction mechanisms, including space-charge-limited
conduction (SCLC), bulk-limited Poole—Frenkel (PF) emis-
sion, interface-limited Schottky emission and inter-face-lim-
ited FN tunneling, as shown in Fig. 5. These mechanisms can
be described by the following equations:?

Que,&
J =L T2 F2 1
SCLC 8d (D
_E[*« q3E/7rgol(
Jop = BEe kgl 2
79’)—\,q3E/4ﬁEOK
Jg=AT2% kT 3)
Jpn =CE%2¢  E )

where A, B, C and D are the constants, ¢, is the relative
dielectric constant, ¢, is the permittivity of free space, u is
the charge carrier mobility, d is the film thickness, E is the
applied electric field, E, is the trap ionization energy, g is

4}
slope~9
N );i///ﬁ'{'“ ?
)
3 slope~1.5
S -8
o0
)
- e positive bias
-10pF = negative bias
1.5 1.8 2.1 24
Log(E) (kV/em)
(a)
12+
G -16}
k
< -20F
'TS —24 | [ [ ]
= . e positive bias
= 28 = negative bias
0 1000 2000 3000 4000 500
E" (V/m)
(©)
Fig. 5.
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the electronic charge, K is the optical dielectric permittiv-
ity, kg is the Boltzmann constant, 7 is the temperature, ¢ is
the Schottky barrier height and ¢; is the potential barrier
height.

As shown in Fig. 5(a), the slopes of LKNN thin film in
the high electric field region greatly deviate from the ideal
value of 2.0, indicating that the SCLC model may not com-
pletely illustrate the leakage behavior of the sample in the
high-electric field region. Therefore, the other three conduc-
tion mechanisms mentioned above will be considered in the
following parts.

The K values related to the intrinsic properties have been
calculated by the slopes of the fitting lines. The refractive
index of pure KNN is known as n = 2.07, thus the optical
dielectric permittivity is expected to be K = n? = 4.28.36
Apparently, the calculated K values for LKNN film shown in
Fig. 5(b) are 1.1 and 1.2 under positive and negative biases
at high electric field, deviating from the ideal K value, which
suggests that the PF emission is not dominant for leakage
conduction in LKNN film. Note that K values shown in
Fig. 5(c) are 0.4 and 0.5 under positive and negative biases
at high electric field, which are much lower than the ideal K
value of 4.28, indicating that the Schottky emission is not
obvious in LKNN film. Besides, the Ln(J/E?)-1/E curves of
LKNN film are fitted under negative and positive biases, as
shown in Fig. 5(d). A superior liner relation between Ln(J/E?)
and 1/E is observed at high electric field, indicating that the
leakage current is controlled by FN tunneling.?”-3
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Plots of leakage current conduction mechanism for LKNN thin film: (a) Log(J)-Log(E), (b) Ln(J/E)-E"2, (c) Ln(J/T?)-E"? and (d)
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Fig. 6. P-E hysteresis loops of (a) KNN film and (b) LKNN film. The inset shows the P-E loops for KNN and LKNN films at 320 kV/
cm; (¢) Normalized pulsed remanent polarization as a function of fatigue cycles; (d) The corresponding P-E loops before and after 1 x 10°

polarization switching for LKNN film.

Figures 6(a) and 6(b) show the polarization-electric field
(P-E) hysteresis loops of the pure KNN film and the LKNN
film as a function of applied electric field at 10 kHz. The P-E
loops of both films exhibit increased polarization with the
increase of electric field due to enhanced domain flipping.
Pure KNN film only represents the P-E loop at low electric
field and shows a small remanent polarization of 4.5 ;C/cm?,
and a coercive field (E,.) of 25.9 kV/cm, under an electric
field of 320 kV/cm. Under the same electric field, LKNN film
exhibits higher remanent polarization (P, ~ 5.6 uC/cm?) and
smaller coercive field (E, ~ 23.7 kV/cm) due to the addition
of lithium to compensate for the charged defects, as shown in
the inset of Fig. 6(b). The full P-E loop and low electric field
resistance of pure KNN film can be attributed to the increase
of leakage current. However, the LKNN film can be subjected
to higher electric field, which exhibits well-defined ferroelec-
tric responses and a thin P-E loop. The LKNN film achieves a
high P, of 9.3 uC/cm?, and a P, of 41.2 ;C/cm? even at a high
applied electric field of 1050 kV/cm.

Fatigue characteristics are an important means to evaluate
the working durability of ferroelectric thin film capacitors.
Figure 6(c) shows the normalized pulsed remanent polariza-
tion (AP) as a function of switching cycles for the LKNN

film measured at an electric field of 600 kV/cm. After 10°
switching cycles, the AP of the LKNN film maintains sta-
ble. Figure 6(d) shows the P-E hysteresis loops of the LKNN
film in fatigue test. The values of P,, P, and E. show slight
changes with a small variation range (less than 6.3%, 4.1%
and 5.9%, respectively) after 10° fatigue cycles, representing
fairly satisfactory fatigue characteristics.

To investigate the aging characteristics of LKNN film, the
P-E loops of the same sample after different aging days at
room temperature were tested at an electric field of 500 kV/
cm, as shown in Fig. 7(a). Noticeably, although the LKNN
film has been placed for a long period (~180 days), the shape
of its P-E loop has barely changed. Specific parameter val-
ues are shown in Fig. 7(b). The values of P,, P, and E,. for
the LKNN sample decrease slightly. This result is owing to
the enhanced pinning effect of defect dipoles ([2V; — V3], A
could be Na, K, Li) on part of domains with increasing aging
time.*>0 The variation values of P,, P, and E, are only 6.6%,
7.6% and 2.7%, respectively, showing the excellent stability
of the placement time.

To characterize the piezoelectric properties of pure KNN
and LKNN films on Pt/Ti/SiO,/Si substrates, switched spec-
trum PFM technique was used to monitor the phase and
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Fig. 8. Displacement—voltage loops and phase—voltage loops of (a) KNN film and (b) LKNN film.
Table 1. Electrical properties of (K, sNa,s)NbO; and (K, sNa, s)NbOs-based films.
) Annealing
Preparation temperature Thickness P, dy"
Composition Substrate method (°O) (nm) (uClem?) ¢, (pm/V) Ref.
KysNay sNbO;, Pt/Ti/SiO,/Si Chemical solution 650 600 7 46 44
deposition (CSD)
Ky .sNag 5(Nby ;Ta,3)0; Pt/Ti/SiO,/Si CSD 700 500 10.5 61 49
K.sNay s(Mng 40sNDg 995)O;3 Pt/Ti/Si0,/Si/SiO,/ CSD 1000 10 90 45
banding layer
Ko 44Nag 5,Lig 04Nbg g4 Tay | SrRuO,/SrTiO; Pulsed laser deposition 750 500 7.5 330 33 50
Sby 0603 (PLD)
(Ky44Nag s,Lig 04Nbg g6 Ty | Pt/Ti/Si0,/Si Radio Frequency (RF) 750 350 8.6 21 46
Sb().()4)03
Ko.4425Nag 551 0375 58255 b 08 Pt/Ti/SiO,/Si Sol—gel 750 300 9.5 341 51
Tay 037505
Lig 04(Kg 5sNag 5)0.06NDO; Pt/Ti/SiO,/Si Sol—gel 700 500 143 48.1 24
0.95K, sNa, sNbO;-0.05LiNbO; Pt/Ti/SiO,/Si Sol—gel 700 1260 259 831 25
This work Pt/Ti/Si0O,/Si Sol—gel 650 800 9.3 360 105

displacement hysteresis loops by applying a bipolar driving
voltage of —10 V to +10 V between the top and bottom elec-
trodes. Signals were obtained from OFF sates to eliminate the
interference of electrostatic force.*! Both samples exhibit typ-
ical butterfly displacement-voltage loops with 180° domain
switching under applied voltage, which reflects the contribu-
tion of domain wall motion,*? as shown in Fig. 8. It is observed

that both samples show some degree of displacement under
zero electric field, which may be due to the fact that the
domains do not normally switch to the original positions under
zero field. According to the converse piezoelectric effect, the
value of d5; is calculated by the following equation:*?

dyy = (D; = D)/(U; = Uy), &)
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where U; and D; are the voltage and displacement at any
single point, U, and D, are the intersections of the butterfly
curve.

The piezoelectric coefficient d;; of pure-KNN film is
about 48 pm/V, which is equal to that of sol-gel-derived
KNN film reported by Nakashima et al.** The LKNN film
has a significantly increased d;; value of 105 pm/V, which
is higher than that of 0.5 mol% Mn-doped KNN film (d;
~ 90 pm/V)* and (K 44Nay 5,Lip 04) (ND g6 Tag 19Sb,04)O5 film
(ds; ~ 21 pm/V).# Compared with the pure KNN film, the
enhanced piezoelectric properties can probably be attributed
to the following aspects: (i) The increased (100) orientation
of the film caused by lithium substitution.?” (ii) The doping of
the smaller Li ions caused lattice distortion, which promotes
the domain wall movement.*748

Table 1 summarizes the preparation processes and elec-
trical properties of different KNN and KNN-based films in
detail.

It can be seen that the annealing temperature of KNN-
based films is usually high (above 700°C), which leads to the
volatilization of a large number of K and Na ions in KNN-
based films and directly affects the piezoelectric properties.
By proper lithium doping and optimized annealing tem-
perature, our LKNN film improves piezoelectric coefficient
d;; while maintaining ferroelectric and dielectric properties
comparable to those of KNN-based films reported by others.

4. Conclusion

In summary, the pure KNN and Li-doped KNN films with
perovskite structure were successfully deposited on Pt/Ti/
Si0,/Si substrates by a sol-gel method. The surface mor-
phology and leakage current characteristics of the KNN film
can be improved by introducing a small amount of Li ions.
P-E tests show that LKNN film represents a well-saturated
P-E hysteresis loop. Compared with pure KNN film, LKNN
film possesses superior ferroelectric properties with a high P,
of 9.3 uC/em?, and a P, of 41.2 ;C/cm?. Meanwhile, excel-
lent aging resistance and ferroelectric fatigue resistance up to
10° cycles can be achieved in the LKNN film, showing the
long-term stability. In addition, the piezoelectric properties
of KNN film are significantly improved by Li substitution
and the ds; value of the LKNN film is 105 pm/V. The results
show that LKNN film has potential for applications in the
piezoelectric MEMS devices.
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