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Effect of A-Site lon Excess on (K, Na)NbOs Thin
Film Fabricated by Sol-Gel Non-alkoxide Process

Abstract: Lead-free (K, Na)NbO5;(KNN) ferroelectric films
were fabricated on Ti substrates by sol-gel non-alkoxide
process. Nb,Os was used to prepare the soluble niobium
source by citrate method. KNN thin films with perovskite
phase were obtained by pyrolyzing at 500°C and annealing
at 700°C. The influence of A-site ion excess on the phase,
microstructure and electric properties of the films was
investigated. X-ray diffraction and energy-dispersive spec-
troscopy (EDS) data indicate that the volatilization of K was
severer than Na during the thermal treatment, and K excess
is assisted to get pure perovskite phase. Meanwhile, the P-E
loops and the dielectric curves manifest that K excess plays
a role to improve the ferroelectric performance, while Na
excess contributes to good dielectric property.
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Introduction

Ferroelectric films have captured more and more atten-
tion due to the demand of the miniaturization of micro-
mechanics and microelectronic components (Setter et
al. 2006). Currently, the most widely used ferroelectric
material is lead zirconate titanate (PZT)-based ferro-
electric materials (Tseng et al. 2013; Park et al. 2014),
which contain more than 60% harmful lead. For envir-
onment protection, lead-free ferroelectric materials
have been receiving increasing attention (Shrout and
Zhang 2007). Among these several lead-free ferroelec-
tric materials (Jo et al. 2013; Wang et al. 2013; Wolny
2005; Yi and Ye 2007), (K, Na)NbOs(KNN) with typical
perovskite structure has been excepted as a promising
candidate material because of its high Curie tempera-
ture and good electric properties.

Sol-gel method (Kang et al. 2011) is used to prepare
KNN thin films because it allows high homogeneity, low
temperature fabrication and the precise control of che-
mical composition. However, the ethanol niobium used
as niobium source is easily deliquescent which brings
much inconvenience for preparation. Moreover, it is
difficult to get saturated P-E hysteresis loops and high
piezoelectric properties due to large leakage current
resulted from the volatilization of A-site alkaline ions
during the thermal process. To decrease the volatiliza-
tion of alkaline ions, Ahn et al. (2009) and Li et al.
(2013) investigated the effect of alkaline ions excess to
compensate for loss of K and Na, which exhibited rela-
tively good electrical properties with single phase and
low leakage current, while Lee et al. (2011) and Wang et
al. (2014) certified that doping Mn can effectively
improve electric performance by reduce the oxygen
vacancies caused by the volatilization of A-site alkaline
ions.

In this study, niobium pentoxide (Nb,O5) was used
to prepare niobium hydroxide {Nb(OH)s} regarded as
the niobium source which has high activity. Besides,
the effect of A-site alkaline ion excess on KNN thin
films was investigated.
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Experimental Procedure

To prepare the KNN precursor solution, high active Nb(OH)
5 obtained by dissolving Nb,0s into hydrofluoric acid (HF),
potassium carbonate (K,CO;) and sodium carbonate
(Na,COs) were used as niobium source, potassium source,
sodium source, respectively. Besides, citric acid and ethy-
lene glycol were acted as chelating agent and esterifying
agent, respectively. To study the effect of alkaline ions
excess on the films, different alkaline metal excess were
added into the precursor solution, that is 20 mol% K excess
(Ko¢NapsNbO;), 20 mol% Na excess (KosNaggNbOs),
meanwhile the molar ratio of n(K + Na)/n(Nb) was fixed
at 1.1. The concentration of the final solution was adjusted
to approximately 0.25 mol/L.

To obtain KNN thin films, the precursor solutions
were spin coated on 1 cm x 1 cm Ti substrate with the
rate of 3,000 rpm for 30 s. The wet films were dried at
150°C for 5 min on a hot plate. Subsequently, the dried
gel films were pyrolyzed at 500°C for 10 min using a
muffle furnace. The coating—drying—pyrolysis circle
was repeated for several times to obtain a desire thick-
ness. Finally, these films were annealed at 700°C for
30 min.

The crystallographic phases of the prepared thin
films were identified by X-ray diffraction (XRD; Bruker
D8 Advance, Germany) analysis using Cu-K, radiation
(A=0.15418 nm). The chemical composition was ana-
lyzed by energy-dispersive spectroscopy (EDS). The
morphologies of the thin films were characterized by
FESEM (Hitachi-S4800, Japan). The ferroelectric property
was analyzed using a ferroelectric test system (Radiant
Technologies, USA) at room temperature. The dielectric
constant was measured using an impedance analyzer
(4294A, Agilent Technologies, USA).

Results and Discussion

Figure 1 shows the XRD patterns of KNN thin films
annealed at 700°C with different A-site ions excess. The
KNN thin films are pure perovskite phase, except a Na-
rich phase (i.e. Na,Nb,0;;) appears when the Na excess is
20 mol%, as shown in Figure 1(b) and (c). The emergence
of Na-rich phase is attributed to the loss of stoichiometric
resulted from the volatilization of potassium ions. While
no similar situation occurs to the 20 mol% K excess thin
films, it is deduced that K volatilized easier than Na.
Besides, the XRD pattern of KNN thin film with no alkali
ion excess is also shown in Figure 1(a); this film shows a
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Figure 1: XRD patterns of KNN thin films with different A-site ions
excess: (a) no alkali ion excess, (b) 20% K excess and
(c) 20% Na excess.

Table 1: EDS data of KNN thin films with different A-site ion excess
(data inside the parentheses represent the theoretical values).

Sample K/Na (K + Na)/Nb
20 mol% K excess 1.47 (1.2) 0.79 (1.1)
20 mol% Na excess 0.36 (0.83) 1.07 (1.1)

weaker KNN perovskite phase consisted of a weak Na-rich
phase, which also indicates K is easier to volatilize.

The EDS data is shown in Table 1; the values of n(K)/n
(Na) are 1.47, 0.36 of K, ¢Nag sNbO3 and K sNag ¢NbO;5 thin
films, respectively. Compared to the theoretical values, the
composition of the Ky ;Nag¢NbO3; sample has much inac-
curacy. On the other hand, the values of n(K+ Na)/n(Nb)
are 0.79 and 1.07, respectively. Compared to the theoretical
value 1.1, the Ky ¢Nag sNbO; has large deviation. All these
illustrated that the volatilization of K is severer so that the
values of n(K)/n(Na) and n(K+ Na)/n(Nb) are gravely
deviated from the theoretical values, which correspond to
the results of XRD.

Figure 2 shows the SEM images of KNN thin films
with different alkali excess. The films are dense, while
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Figure 2: SEM images of KNN thin films with various alkaline
ions excess: (a) 20% K excess and (b) 20% Na excess.
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the grain size of Ky ¢Nag sNbOs is smaller, which indicates
that K excess can restrain the growth of the grains. The
possible reason is that the volatilization of excessive K
ions promotes a large amount of Ti ions diffuse from the
substrates into the films which accumulate around the
grain boundaries and restrain the growth of grains (Goh,
Yao, and Chen 2009).

Figure 3 shows the P-E hysteresis loops and dielec-
tric constant (K) of Ky ¢NagsNbOs, KgsNag¢NbOs; and
Ko .5Nag ;NbOj3 thin films. The loops of the Ky ¢Nag ;NbO3
and Ko ;sNag ¢NbOs films are typical and integrated, and
the Ky ¢Nag sNbOs shows better ferroelectricity. However,
the Ko 5sNag sNbOs can’t obtain an integrated P-E hyster-
esis loop. It indicates that A-site ions excess can improve
the ferroelectric property.

The leakage current density of the KNN films is
plotted against electric field and is shown in Figure 4.
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Figure 3: The P-E hysteresis loops of KNN thin films with different
A-site ions excess measured at 1 KHz (thickness of the films was
200 nm).
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Figure 4: The leakage current density curves of Ko ¢Nao sNbO5 and
Ko.5Nag.¢NbOs films.
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The current density of Ky ¢Nag sNbOs film is slightly lower
than KqsNag ¢NbOs film which is in accordance with the
results of the P-E hysteresis loops. However, the current
density also looks good at high electric field which is
different from the other reports (Abazari and Safari
2010; Wu and Wang 2009), it may be resulted from the
existence of TiO, phase, it reduces the electrical conduc-
tivity of the substrates, which finally affects the quality of
the interface between the KNN film and the metal
electrode.

Figure 5 shows dielectric constant (K) and dielectric
loss of Kg¢NagsNbO; and KjsNag ¢NbO5 thin films. The
2P, and K of Ko ¢Nag sNbO; thin film are 1.6 uC/cm?® and
242 at 1 KHz, respectively, which are found slightly higher
than that of Ky sNag ¢NbO3, where the 2P, and K are 0.53
pC/cm2 and 185 at 1 KHz, respectively. However, the
dielectric constant of Ky ¢Nag;NbO; thin film decreases
sharply at low frequency, which is attributed to the sec-
ondary phase of Na,Nb,0;;, as well as the non-ferroelec-
tric TiO, phase, while the Ky sNag ¢NbO;5 thin film keeps
falling slowly as the frequency increased. Moreover, the
dielectric loss of the K, sNay ¢NbO;5 thin film is smaller as
the frequency increases.

It is demonstrated that the KNN film shows better
ferroelectric property as the K/Na is close to 1. In contrast,
high concentration of oxygen vacancies will be formed
when the (K + Na)/Nb is seriously deviated to 1, which
is the main reason for the poor electric properties.

However, all the ferroelectric P-E hysteresis loops of
KNN thin films as shown in Figure 3 are not fully satu-
rated as compared with previous reports (Lu et al. 2014).
The possible reasons are as follows. The mass formation
of oxygen vacancies due to the volatilization of A-site
ions, which also result in loss of stoichiometry, causes
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Figure 5: Plots of dielectric constant and dielectric loss versus
frequency for Ky ¢Nag sNbOs and Kg sNag ¢NbOs thin films.
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serious leakage current. Besides, the oxygen vacancies
together with other defects such as the Ti ions diffused
into the films during the thermal process have pining
effect on domain walls, which make it harder for the
domain walls to turn over (Jin, Li, and Zhang 2014).

Conclusions

In conclusion, the KNN thin films were successfully fab-
ricated by sol-gel non-alkoxide process with citrate pre-
cursor solution. The excess of A-site ions can improve the
ferroelectricity. Single perovskite phase was obtained as
the potassium ions have 20% excess. The volatilization of
alkali metals resulting in high concentration of oxygen
vacancies has a great influence on the electric properties
of KNN thin films. As the K/Na is close to 1, the films
show better ferroelectric performance. On the other hand,
the films have higher stability of dielectric property as the
(K + Na)/Nb is close to 1. That is, K excess is conducive
to improve the ferroelectric performance, while Na excess
contributes to good dielectric property.
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