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Structural and Electrical Properties of (1-x)Bi5Nb3O15-xBi4Ti3O12 Ceramics and 
0.96Bi5Nb3O15-0.04Bi4Ti3O12 Thin Films Grown by Pulsed Laser Deposition
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A 0.96Bi5Nb3O15-0.04Bi4Ti3O12 (0.96B5N3-0.04B4T3) ceramic showed a high dielectric constant (k) of 314,
probably due to the increased dipole moment caused by the replacement of Nb5+ ions by Ti4+ ions. The
0.96B5N3-0.04B4T3 films were well formed on the Pt/Ti/SiO2/Si substrate. Films grown at temperatures lower
than 400°C had an amorphous phase but small Bi3NbO7 crystals were considered to have been formed in
these films. The film grown at 300°C exhibited a high k value of 83 with a low dielectric loss of 0.5%.
The leakage current density of the film grown at low oxygen pressure (OP) was high and decreased with
increasing OP to a minimum at an OP of 200 mTorr, after which it increased with further increase in OP.
This variation of the leakage current density with OP was explained by the existence of oxygen vacancies
and interstitial oxygen ions in the film. The 0.96B5N3-0.04B4T3 film grown under 200 mTorr OP exhibited
a high k value of 83, a low leakage current density of 8 × 10-8 A/cm2 at 0.3 MV/cm and a high breakdown
field of 0.4 MV/cm. 

Keywords: 0.96Bi5Nb3O15-0.04Bi4Ti3O12 film, low process temperature, dielectric constant, oxygen pressure

1. INTRODUCTION

Research has expanded on the dielectric thin films with
high dielectric constant (k) that can be fabricated at temper-
atures lower than 400°C for application to thin film capaci-
tors requiring a low processing temperature. The radio
frequency (RF) or analog/mixed metal-insulator-metal (MIM)
capacitors employed in semiconductor devices require low
processing temperatures, due to the limitation of the VLSI
back-end line integration temperature (< 400°C).[1] The
embedded capacitor, which is formed inside printed circuit
boards (PCBs) for the miniaturization of electronic devices,
requires a low growth temperature ( 300°C).[2] The gate
insulators of thin film transistors for organic light emitting
diodes (OLEDs) on plastic substrates also need dielectric
thin films with low processing temperatures. All dielectric
capacitors fabricated at low temperature need a high k in
order to obtain the necessary high capacitance. Amorphous
TaTiO, TiSiO4, SrTiO3 and Pr2O3 dielectric films have been
reported for RF or analog/mixed MIM capacitors but their k
values were unsatisfactory.[3-6] Ba(Zr,Ti)O3 (k = 17.3) and Ta2O5

(k = 21~25) films grown at room temperature were used for
the gate insulators of OLEDs,[7-9] but their k value was rela-
tively low. Ca-doped Pb(Zr,Ti)O3 films with a high capaci-

tance density were successfully grown on a copper substrate,
but their processing temperature was too high for application
to embedded capacitors in PCBs.[10,11] Therefore, a new, high
k dielectric thin film which can be fabricated at low temper-
atures needs to be developed.

Recently, Bi-based, dielectric thin films such as Bi6Ti5TeO22,
[12]

Bi1.5Zn1.0Nb1.5O7,
[13-15] Bi2Mg2/3Nb4/3O7

[16] and Bi5Nb3O15
[17,18]

(B5N3) have been widely studied because of their high k values
with low deposition temperatures. In particular, B5N3 films
grown at 200 to 300°C using sputtering showed a high k
value of 70, indicating that the B5N3 film is a good candidate
material for thin film capacitors which require a low process
temperature with a high k value.[17,18] Moreover, Mn-doping
increased the k value of the B5N3 films with a improvement
in electrical properties. Therefore, it was considered that the
k value of the B5N3 film could be further increased when a
proper amount of Nb5+ ions in the B5N3 film were replaced
by Ti4+ ions because the Ti4+ ion is lighter and smaller than
the Nb5+ ion and thus more easily deviated from its position
under the electric field, thereby producing a large dipole
moment. In this work, therefore, Ti-doped B5N3 films were
formed and their structural and electrical properties were
investigated for the first time to evaluate their potential as a
thin capacitor requiring a low process temperature with a
high k value. Furthermore, in order to find the optimum
amount of Ti ions for the B5N3 film, the (1-x)Bi5Nb3O15-
xBi4Ti3O12 [(1-x)B5N3-xB4T3] ceramics with 0.0 x 0.3
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were formed and their structural and dielectric properties
were also studied in this work.

2. EXPERIMENTAL PROCEDURE

For the synthesis of (1-x)B5N3-xB4T3 ceramics with
0.0 x 0.3, Bi2O3, Nb2O5 and TiO2 (High Purity Chemi-
cals, Japan) powders were ball-milled in a nylon jar with zir-
conia balls for 24 h. After drying, the mixed (1-x)B5N3-
xB4T3 powders were fired at various temperatures for 10 h.
The powders were subsequently ball-milled again for 48 h
and dried, after which the hydraulically pressed pellets were
sintered at 1150°C for 2 h. The 0.96B5N3-0.04B4T3 films
were grown at various temperatures from 300 to 600°C on a
Pt/Ti/SiO2/Si(100) substrate using pulsed laser deposition
(PLD). A Nd-YAG laser beam (NL303HT, EKSPLA, Lithua-
nia) with a wavelength of 266 nm (the fourth harmonic gen-
eration), a repetition rate of 5 Hz and an energy fluency of
2 J/cm2 was focused on the sintered 0.96B5N3-0.04B4T3

ceramic target rotating in a vacuum chamber under an oxy-
gen pressure (OP) of 100 to 600 mTorr. The film structure
was examined by scanning electron microscopy (SEM: Hita-
chi S-4300, Japan), atomic force microscopy (AFM: JSPM-
5200, JEOL LTD., Japan) and X-ray diffraction (XRD:
Rigaku D/max-RC, Japan). To measure the electric proper-
ties, Pt was deposited on the 0.96B5N3-0.04B4T3 film using
conventional DC sputtering to form the top electrode of the
MIM capacitor. The top electrode was patterned using a
shadow mask to form a 380 µm-diameter disk. The capaci-
tance and dissipation factor were measured by a precision
LCR meter (Agilent 4285A, USA). The leakage current was
measured using a programmable electrometer (Keithley 617,
USA).

3. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the (1-x)B5N3-xB4T3

ceramicss with 0.0 x 0.3 fired at 1100°C for 10 h. The
peaks for the B5N3 phase, indicated by the full circles, were
observed for the specimens with x 0.03, implying that a
small amount of the Ti ions was accommodated in the Nb
site of the B5N3 phase. However, for the specimen with
x = 0.04, the peak for the Bi3(NbTi)O9 phase started to be
formed, while two phases, B5N3 and Bi3(NbTi)O9, coexisted
for the specimens with 0.04 x 0.1, and peaks for the
Bi3(NbTi)O9 phase were only found when x exceeded 0.1.
To elucidate the formation process of the Bi3(NbTi)O9 phase,
the 0.94B5N3-0.06B4T3 specimen was fired at various tem-
peratures, as shown in Figs. 2(a), (b), (c), and (d). For the
specimen fired at 500°C, peaks for the Bi3NbO7 (B3N) phase,
indicated by the open circles, were observed along with
those of the Bi2O3 and Nb2O5 phases, as shown in Fig. 2(a).
Therefore, some of the Nb2O5 and Bi2O3 were considered to

have reacted at around 500°C to form the B3N phase. As the
firing temperature increased to 600°C, the B5N3 phase, indi-
cated by the full circles was newly formed and the homoge-
neous B5N3 phase was found in the specimen fired at 700°C,
as shown in Fig. 2(c). However, the Bi3(NbTi)O9 phase
started to form when the specimen was fired at 1100°C and
its amount increased with increasing firing temperature. More-
over, for the 0.8B5N3-0.2B4T3 specimen firing at 1100°C, only
peaks for the Bi3(NbTi)O9 phase were observed, as shown in
Fig. 1(e), but when this specimen was fired at 700°C, the
major phase developed in this specimen was the B5N3 phase
with a small amount of the Bi3(NbTi)O9 phase, as shown in
Fig. 2(e). Therefore, the B3N phase was considered to be a
low temperature phase and the Bi3(NbTi)O9 phase was con-
sidered to have formed in the specimens containing a large
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Fig. 1. XRD patterns of the (1-x)B5N3-xB4T3 specimens with 0.0
x 0.3 fired at 1100 for 10 h: (a) x = 0.0, (b) x = 0.02, (c) x = 0.04,
(d) x = 0.1, (e) x = 0.2 and (f) x = 0.3.

  ≤
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Fig. 2. XRD patterns of the 0.94B5N3-0.06B4T3 specimen fired at (a)
500°C, (b) 600°C, (c) 700°C, (d) 1100°C for 10 h, and (e) of the
0.8B5N3-0.2B4T3 ceramic fired at 700°C for 10 h.
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amount of Ti ions, as well as in the specimen fired at high
temperature.

Figure 3 shows the k value of the (1-x)B5N3-xB4T3 ceram-
ics with 0.0 x 0.3 sintered at 1150°C for 2 h. The k
value of the B5N3 ceramic of about 240 was similar to that of
the specimen reported in the previous work.[19] It consider-
ably increased with increasing x to a maximum value of 314
for the specimen with x = 0.04. Since the Ti4+ ions were
incorporated into the Nb5+ sites for the specimens with
0.1 x 0.04 and these Ti+4 ions are small and light com-
pared to the Nb5+ ion, they were more easily deviated from
their equilibrium position under an electric field, thereby
increasing the dipole moment of the specimen. Therefore,
the replacement of the Nb5+ ion by the Ti4+ ion was consid-
ered to have increased the k value of the specimens with a
small amount of Ti ions. However, when x exceeded 0.04,
it decreased, probably due to the formation of the Bi3

(NbTi)O9 phase because the k value of the Bi3(NbTi)O9

phase is lower than that of the B5N3 phase. Since the
0.96B5N3-0.04B4T3 specimen showed an increased k value,
the 0.96B5N3-0.04B4T3 films were deposited using PLD
and their structural and electrical properties were investi-
gated.

Figure 4(a) shows the SEM image of the 83 nm-thick
0.96B5N3-0.04B4T3 film grown at 300°C under an OP of 200
mTorr. This film was well developed with a sharp interface
between it and the Pt electrode. An AFM image of the sur-
face of this 0.96B5N3-0.04B4T3 film is shown in Fig. 4(b).
The average roughness of the surface was approximately 0.7
nm, demonstrating its smoothness. Therefore, the 83 nm-
thick, homogeneous 0.96B5N3-0.04B4T3 film was considered
to be well formed on the Pt/Ti/SiO2/Si substrate. Similar
results were also observed in the other 0.96B5N3-0.04B4T3

films grown in this work.
Figure 5 shows the XRD patterns of the 0.96B5N3-

0.04B4T3 films grown at various temperatures under 200
mTorr OP. For the films grown below 400°C, no peaks for
the crystalline phase were observed, indicating the formation
of the amorphous phase. However, even though no peak for
the crystalline phase was observed in the specimens grown
at 300 and 350°C, many small crystalline phases were
thought to have formed in the film because a broad peak was
found at approximately 28 degrees, as shown in the inset of
Fig. 5 and many small crystalline phases were also found in
the B5N3 film grown at 300°C.[17] Figure 5(c) shows the
XRD patterns of the film grown at 400°C, in which the (111)
peak for the B3N crystalline phase was observed. The inten-
sity of this peak considerably increased for the film grown at
500°C, as shown in Fig. 5(d), indicating that this film had a
preferred growth orientation along the [111] direction. How-
ever, for the film grown at 600°C, the (200) peak of the B3N
phase was observed, indicating that this film has a random
growth orientation. For the 0.96B5N3-0.04B4T3 ceramics
fired at 1150°C, which is formation temperature of the PLD
target, the B5N3 phase was a major phase and the B3N phase
was a low temperature phase of the B5N3. Therefore, the
growth temperature (400 to 600°C) was not high enough to
grow the film with a B5N3 phase, resulting in the formation
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Fig. 3. Variation of the k values of the (1-x)B5N3-xB4T3 ceramics with
0.0 x 0.3 sintered at 1150°C for 2 h.  ≤   ≤

Fig. 4. (a) SEM and (b) AFM images of the 83 nm-thick 0.96B5N3-
0.04B4T3 film grown at 300°C under an OP of 200 mTorr.
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of B3N phase.
The variation of the k value with growth temperature is

shown in Fig. 6. The k value was already high at approxi-
mately 83 for the film grown at 300°C, probably due to the
presence of the small crystalline phase and it increased to 92
for the film grown at 350°C, which was attributed to the
increased number of small crystals. The k values of the films
grown at 400 and 500°C were similar to that of the film
grown at 350°C. The high k value of the film grown at
350°C implies that many small crystals were already formed
in this film. The k value of the film grown at 500°C, which

had a preferred growth direction along the [111] direction,
was relatively low at approximately 91 and increased to 99
for the film grown at 600°C, which had a random growth
orientation. Therefore, the dipole moment along the [111]
direction of the B3N phase was considered to be smaller than
that of the random direction and a similar result was also
observed in the B5N3 phase.[17]

Figure 7 show the variation of the leakage current density
of the 0.96B5N3-0.04B4T3 film grown at 300°C under various
OPs. The leakage current density was very high with a small
breakdown field for the film grown under 100 mTorr OP but
it considerably decreased for the film grown under 200
mTorr OP. For the films grown under low OPs, many oxy-
gen vacancies were considered to have been formed and to
have produced free electrons according to the following
equation: OO= + + O2 where Oo is the oxygen ion
on its normal site,  the oxygen vacancy and e' the free
electron. The number of oxygen vacancies decreased with
increasing OP during the growth, thereby improving the
electrical properties. However, the electrical properties of the
films grown under the high OPs of > 200 mTorr were con-
siderably degraded. In particular, the leakage current density
of the film grown under an OP of 600 mTorr was high. Very
few oxygen vacancies were considered to exist in the film
grown under an OP of 200 mTorr because of its good electri-
cal properties. Furthermore, it was considered that the oxy-
gen interstitial ions (or metal vacancies) started to be formed
in the films when the OP exceeded a certain critical value,
presumed to be around 200 mTorr. The oxygen interstitial
ions (or metal vacancies) produced the holes according to
the following equation: O2= +2h  where  is an
oxygen interstitial ion and h  the hole. Therefore, the degra-
dation of the electrical properties of the 0.96B5N3-0.04B4T3

films grown under high OPs of > 200 mTorr was attributed
to the formation of the oxygen interstitial ions (or metal
vacancies). 
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Fig. 6. Dielectric constant and dielectric loss of the 0.96B5N3-0.04B4T3

films grown at various temperatures.

Fig. 5. XRD patterns of the 0.96B5N3-0.04B4T3 films grown at various
temperatures under 200 mTorr OP: (a) 300°C, (b) 350°C, (c) 400°C,
(d) 500°C, and (e) 600°C.

Fig. 7. Variation of the leakage current density of the 0.96B5N3-0.04B4T3

film grown at 300°C under various OPs.
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4. CONCLUSION

The homogeneous B5N3 phase was formed in the (1-
x)B5N3-xB4T3 ceramics with 0.0 x 0.03 and both the
B5N3 and Bi3(NbTi)O9 phases coexisted in the ceramics with
0.04 x 0.1. The Bi3(NbTi)O9 phase was found when x
exceeded 0.1. The k value of the ceramics considerably
increased with the small addition of Ti, to a maximum value
of 314 for the specimen with x = 0.04, probably due to the
enhancement of the dipole moment by the replacement of
the Nb5+ ions by Ti4+ ions. The 0.96B5N3-0.04B4T3 films
were well formed on the Pt/Ti/SiO2/Si substrate. For the
films grown below 400°C, an amorphous phase was devel-
oped but the small B3N crystals were considered to have
been formed. The k value of the films grown at 300 °C was
high at approximately 83, probably due to the presence of
the small B3N crystals. The leakage current density of the
0.96B5N3-0.04B4T3 film grown at 300°C under an OP of 100
mTorr was high with a small breakdown field due to the
presence of the oxygen vacancies. As OP increased, the
leakage current density decreased due to the decreased num-
ber of oxygen vacancies. However, as OP exceeded 200
mTorr, the electrical properties were degraded, probably due
to the formation of oxygen interstitial ions. The 0.96B5N3-
0.04B4T3 film grown at 300°C exhibited the high k value of
83 with a low dielectric loss of 0.5% and a low leakage cur-
rent density of 8 × 10-8 A/cm2 at 0.3 MV/cm with a high
breakdown field of 0.4 MV/cm, indicating the suitability of
this film as a candidate material for the capacitors that
require a high k and low processing temperature.
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