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Abstract

Bi2Zn2/3Nb4/3O7 thin films were deposited at room temperature on Pt/Ti/SiO2/Si(1 0 0) and polymer-based copper clad laminate (CCL)

substrates by pulsed laser deposition. Bi2Zn2/3Nb4/3O7 thin films were deposited in situ with no intentional heating under an oxygen pressure of

4 Pa and then post-annealed at 150 8C for 20 min. It was found that the films are still amorphous in nature, which was confirmed by the XRD

analysis. It has been shown that the surface roughness of the substrates has a significant influence on the electrical properties of the dielectric films,

especially on the leakage current. Bi2Zn2/3Nb4/3O7 thin films deposited on Pt/Ti/SiO2/Si(1 0 0) substrates exhibit superior dielectric characteristics.

The dielectric constant and loss tangent are 59.8 and 0.008 at 10 kHz, respectively. Leakage current density is 2.5 � 10�7 A/cm2 at an applied

electric field of 400 kV/cm. Bi2Zn2/3Nb4/3O7 thin films deposited on CCL substrates exhibit the dielectric constant of 60 and loss tangent of 0.018,

respectively. Leakage current density is less than 1 � 10�6 A/cm2 at 200 kV/cm.
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1. Introduction

With the rapid development of microsystems, the compact

packages of electronic components have attracted attentions

due to their excellent performances [1–3]. The embedded

devices can replace the surface mount components, and can

considerably reduce the consumed area of printed circuit boards

(PCBs) [1]. Embedding passive components into the PCBs is

one of the challenging technologies for system miniaturization,

good stability, and minimizing parasitic noises [2–5]. The

passive components include capacitors, resistors and inductors.

Among these components, capacitors are very important in

terms of number and size. But it is most difficult to embed

capacitors into the PCBs, because of the complicated metal–

insulator–metal (MIM) sandwich structures and their unsui-

table application sizes can generate the undesired practical
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properties [1,3]. The polymer of PCBs cannot accept the

processing temperature greater than 200 8C, which restricts the

application of high-k ferroelectric thin films because of their

high processing temperature. Conventional paraelectric mate-

rials such as SiO2 (k = 3.9), Ta2O5 (k = 21–25), and Al2O3

(k = 8) cannot satisfy the need of embedded capacitors due to

their low capacitance densities for the same thickness [1,3,5].

Cubic Bi1.5Zn1.0Nb1.5O7 (c-BZN) and Bi2Mg2/3Nb4/3O7

(BMN) pyrochlore materials have been investigated as the

dielectrics for the embedded capacitors processed at PCB

compatible processing temperatures [6–9]. These thin films

fabricated at low temperature exhibit non-crystalline structure

and their dielectric constant is approximately in the range of

40–70 [1,5,9]. Monoclinic Bi2Zn2/3Nb4/3O7 material possesses

a zirconolite structure [6]. The monoclinic Bi2Zn2/3Nb4/3O7

ceramics have low-temperature sintering character and exhibit

the excellent dielectric properties and high quality factor in the

microwave range [10]. The crystalline Bi2Zn2/3Nb4/3O7 thin

films were also synthesized by the metalorganic deposition

process, which exhibit a dielectric constant of 80 and a loss

tangent of 0.004 [6]. The temperature capacitance coefficient

(TCC) is 150 ppm/8C, which is smaller than that of c-BZN thin
d.
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Fig. 1. XRD patterns of Bi2Zn2/3Nb4/3O7 ceramic target and thin films depos-

ited on different substrates.
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films (�400 ppm/8C). Bi2Zn2/3Nb4/3O7 may be a promising

candidate for the embedded capacitor applications.

In this paper, Bi2Zn2/3Nb4/3O7 thin films have been prepared

on Pt/Ti/SiO2/Si(1 0 0) and polymer-based copper clad

laminate (CCL) substrates by pulsed laser deposition (PLD)

process at room temperature. The deposited thin films were

post-annealed at 150 8C in air. The structures, dielectric

properties and leakage current characteristics of Bi2Zn2/3Nb4/

3O7 thin films have been investigated.

2. Experimental

The monoclinic zirconolite Bi2Zn2/3Nb4/3O7 ceramic targets

were prepared by a conventional solid-state reaction process,

using raw materials Bi2O3 (>99%), ZnO (>99%), and Nb2O5

(>99%). The ceramic disks were sintered at 960 8C for 4 h.

Bi2Zn2/3Nb4/3O7 thin films were directly deposited on Pt/Ti/

SiO2/Si(1 0 0) and polymer-based copper clad laminate (CCL)

substrates by a PLD process using a KrF excimer laser

(COMPex Pro 205, Coherent Lambda Physik) at a wavelength

of 248 nm with a pulse frequency of 3 Hz and pulse width of

30 ns. The depositions were carried out at room temperature

with an oxygen pressure of 4 Pa for 60 min. Bi2Zn2/3Nb4/3O7

thin films were post-annealed in a rapid thermal process furnace

at 150 8C in air for 20 min.

The phase structures were studied by an X-ray diffract-

ometer equipped with Cu Ka radiation (XRD, D/Max-2400,

Rigaku). Surface morphologies were characterized by an

atomic force microscope (AFM, Nanoscope, Veeco) and a

scanning electron microscope (SEM, JSM-7000F, JEOL).

Thickness of the films was measured by a stylus profiler

(Dektak 6M, Veeco). For measuring electrical properties, Au

top electrodes with a diameter of 0.5 mm were deposited using

DC sputtering via a shadow mask to form a metal–insulator–

metal (MIM) structure. The dielectric properties were

investigated by using a precision impedance analyzer

(4294A, Agilent). Current voltage (I–V) characteristics were

examined using a semiconductor characterization system

(4200-SCS, Keithley).

3. Results and discussion

Fig. 1 shows the XRD patterns of the Bi2Zn2/3Nb4/3O7

ceramic target and thin films deposited on different substrates.

The thin films were fabricated under an oxygen pressure of 4 Pa

and annealed at 150 8C. The main peak of the (2 2 0) plane can

be indexed at 2u = 298 for the crystallized Bi2Zn2/3Nb4/3O7

ceramic target, as seen in the XRD pattern. By comparing the

XRD patterns of the ceramic target and the thin films, it can be

found that the thin films show weak and broad peaks at

2u = 298. No other peaks of the zirconolite phase are observed

except the peaks of Si wafer and Au, Pt or Cu electrodes. The

broad peak around 2u = 298 in the films is related with (2 2 0)

peak. It suggests that the nano-sized crystallites may exist in the

Bi2Zn2/3Nb4/3O7 films except the amorphous states, which were

confirmed by the analysis of TEM in the Bi-based pyrochlore

films fabricated at low temperature [7,11]. According to the full
width at half maximum (FWHM) of the broad (2 2 0) peak, the

size of crystallites can be estimated using the Scherrer’s

formula and the average size is approximately 4.5 nm. There is

not any obvious difference in the size of crystallites between the

films deposited on Si and CCL.

Fig. 2(a) and (b) show the SEM surface and cross-sectional

images of the Bi2Zn2/3Nb4/3O7 thin film deposited on Pt/Ti/

SiO2/Si(1 0 0). Fig. 2(c) and (d) show the AFM surface and

three-dimensional images of the thin film deposited on the CCL

substrate. As seen in Fig. 2(a), Bi2Zn2/3Nb4/3O7 thin film

deposited on Pt/Ti/SiO2/Si(1 0 0) substrate shows a dense,

crack-free surface and the granules are very uniform. Certainly,

there are some spherical particles on the surface of the thin film,

which are inevitable due to the character of the film deposited

by PLD. The cross-sectional image of Bi2Zn2/3Nb4/3O7 thin

film in Fig. 2(b) also clearly shows a dense structure. The

polymer-based CCL substrate was made by preparing the

electroless copper on rough polymer substrate. The CCL

substrate was characterized using AFM. The root mean square

(RMS) value of the surface roughness is approximately 20 nm,

which is much larger than that of the platinized silicon substrate

(about 2.4 nm). Fig. 2(c) and (d) show a 10 mm � 10 mm sized

surface image and three-dimensional image of the thin film

directly deposited on CCL substrate. It can be seen that the

surface of Bi2Zn2/3Nb4/3O7 thin film deposited on the rough

CCL substrate is also rougher than that of the film deposited on

Si substrate. According to the AFM images, the values of the

RMS roughness of the thin films on platinized Si and CCL are

3.5 and 21 nm, respectively.

The dielectric properties of Bi2Zn2/3Nb4/3O7 thin films

deposited on different substrates as a function of measuring

frequency are shown in Fig. 3. The measured frequency is in a

range of 1 kHz to 1 MHz. The film deposited on Si substrate

exhibits an excellent frequency response and the dielectric

constant shows little variation with frequency. But for the film

deposited on the polymer-based CCL substrate, the dielectric

constant decreases with increasing frequency, which attributes

to the rough surface of the CCL substrate. The dielectric



Fig. 2. (a) Surface and (b) cross-sectional SEM images of Bi2Zn2/3Nb4/3O7 thin film deposited on Si substrate. (c) AFM surface and (d) three-dimensional images of

Bi2Zn2/3Nb4/3O7 thin film deposited on polymer-based CCL substrate.
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constants of the thin films on both substrates are similar (about

60). However, the loss tangent of the film on CCL is larger than

that of the film on Si substrate. The loss tangents of the thin

films deposited on Si and CCL substrates are 0.006 and 0.018 at

10 kHz, respectively. The above results suggest that the

structures and dielectric properties of Bi2Zn2/3Nb4/3O7 thin
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Fig. 3. Frequency dependence of dielectric constant and loss tangent of Bi2Zn2/

3Nb4/3O7 thin films deposited on different substrates.
films are significantly influenced by the surface roughness of

the substrates.

The dielectric constant and loss tangent of Bi2Zn2/3Nb4/3O7

thin films as a function of applied voltage are shown in Fig. 4.

The measuring frequency is 10 kHz. The dielectric constants

show little variation with the applied dc bias field.
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Fig. 4. Dielectric constant and loss tangent at 10 kHz of Bi2Zn2/3Nb4/3O7 thin

films as a function of applied dc bias field.
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Fig. 5. Leakage current characteristics of Bi2Zn2/3Nb4/3O7 thin films deposited

on different substrates.
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ln(J) versus ln(E).
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Fig. 5 shows the I–V characteristics of Bi2Zn2/3Nb4/3O7 thin

films deposited on different substrates as a function of applied

bias field. As shown in Fig. 5, the film deposited on Si substrate

exhibits lower leakage current density than that of the film

deposited on CCL substrate. Like the dielectric properties, the

surface roughness of the substrate also plays an important role on

the leakage current characteristics. The surface roughness alters

the average electrostatic field, resulting in the change of the

leakage current of an insulating film [12]. In the parallel-plate

capacitor using CCL substrate, the local electric field of the thin

film will vary from place to place. The leakage current density is

proportional to the exponent of the electric field [12]. In general,

the leakage current mechanisms can be attributed to four

conduction mechanisms, which are the Schottky emission

(Schottky), the Poole–Frenkel (PF) emission, the space-charge-

limited current (SCLC) and the Fowler–Nordheim (FN)

tunneling behavior [13,14]. To identify the conduction mechan-

isms in the amorphous Bi2Zn2/3Nb4/3O7 films, ln(J) versus E1/2

and ln(J) versus ln(E) are plotted according to the Schottky

emission mechanism and the space-charge-limited current

mechanism in Fig. 6(a) and (b), respectively. The Schottky

emission is an interface controlled process. For the films

deposited on CCL substrate, it is observed that the curve of the

Schottky emission shows good linearity at low electric field.

However, the film deposited on Pt/Ti/SiO2/Si(1 0 0) substrate

shows good linearity in the whole electric field range. In addition,

the asymmetry of positive and negative leakage currents at the

high electric field in Fig. 5 also indicates that the Schottky

emission is presented in the amorphous Bi2Zn2/3Nb4/3O7 thin

films [15]. At the same time, the plots of ln(J) versus ln(E) are

fitted well by several linear segments with different slopes, as

shown in Fig. 6(b), which indicates that the space-charge-limited

current mechanism dominates in the thin films [13,14]. Hence,

there are two kinds of the conduction mechanisms which are the

Schottky emission and the space-charge-limited current, are

presented in the Bi2Zn2/3Nb4/3O7 films.

4. Conclusions

Bi2Zn2/3Nb4/3O7 thin films were prepared on Pt/Ti/SiO2/

Si(1 0 0) and polymer-based copper clad laminate (CCL)

substrates by pulsed laser deposition process at room

temperature. The thin films deposited on different substrates

exhibit similar dielectric constant around 60. However, the

surface roughness of the substrates has a significant influence

on the dielectric loss and the leakage current, which attributes

to the variation of local electric field. The loss tangents of the

thin films deposited on Si and CCL substrates are 0.006 and

0.018 at 10 kHz, respectively. Moreover, leakage current

densities of the thin films deposited on both substrates are

2.5 � 10�7 A/cm2 at 400 kV/cm and 1 � 10�6 A/cm2 at

200 kV/cm, respectively.
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