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ABSTRACT

Dielectric Al2-xBxOY thin films were deposited onto Pt (100)/Ti/SiO2/Si sub-

strates via sol–gel and spin-coating technology. The microstructural transition

occurred at *500 �C due to boron loading was confirmed by DSC and XRD.

FTIR, 27Al MAS NMR and XPS measurements were employed to investigate the

microstructural transition caused by different boron concentrations. The results

revealed that Al–O–B bonds and [AlO4] tetrahedrons were produced resulting

in the reinforcement of structure with relatively low boron concentrations. With

the increase of boron concentration, [BO3] chains and new surfaces crossing over

the internal structure gradually produced and disrupted the structural stability.

Meanwhile, hydroxyl groups were accumulated in the internal structure owing

to the hydrophilic property of boron. According to the reinforced structure with

low boron concentrations, the current density decreased and the breakdown

strength was enhanced. Typically, the current density was decreased two orders

of magnitude at 100 MV m-1 and the breakdown strength of the 0.5 mol%

B-doped alumina thin film was increased by 59% (from 293 to 465 MV m-1) in

comparison with that of the undoped alumina thin film, whereas the dielectric

properties gradually become poor due to the weak structure with the increase of

boron concentration. Moreover, the dielectric constant increased owing to

hydroxyl groups when the boron doping increased. This work may provide a

general strategy for enhancing dielectric properties of the alumina thin film.

Introduction

Growing demands for high-energy-density dielectric

capacitors applied to power conditioning, electric

launch platforms, electrical and hybrid vehicles, etc.,

have promoted the use of favorable dielectric mate-

rials in recent years [1, 2]. Among diverse kinds of

dielectric materials, linear dielectrics are still highly

important for high density storage application [3].

Alumina (Al2O3) as the most cost-effective linear

dielectric possesses a high breakdown strength

(300–700 MV m-1) and stable relative permittivity

(8.6–10) from DC to GHz frequencies, in conjunction

with its outstanding chemical, optical and thermal
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stability. These merits have drawn considerable

attentions to explore its potential applications in

high-energy-density storage capacitors. In principle,

the energy density of capacitors is proportional to

dielectric constant and the square of breakdown

strength (E) for linear dielectrics [4, 5]. Meanwhile,

breakdown strength is a crucial parameter to evalu-

ate the operating limit of dielectric devices [6].

Therefore, it is important to obtain high breakdown

strength and dielectric constant for achieving high

energy storage density.

High breakdown strength and dielectric constant

of the alumina thin film are still difficult to obtain due

to structural inhomogeneities like pores, dangling

bonds, and impurities caused by many reasons [7–9].

To solve this problem, foreign species, such as Ti4?

[10], BaTiO3 nanoparticles [11], were incorporated

into the alumina thin film. However, the mechanisms

of these methods are ambiguous. The network of

glass is considered as a promising structure for

achieving excellent high thermal stability, insulating

properties and potential self-healing capacity under

applied electric field [12]. Moreover, the structure can

be optimized by adjusting ratios of species, such as B,

Bi, Si, to obtain outstanding electrical properties

[13, 14]. It is well known that boron can be easily

combined with oxygen atoms to produce series of

oxides with high bond strengths ([330 kJ mol-1),

including BO, BO2, B2O, B2O2 and B2O3 [15]. The

versatility derived from the flexibility of their atomic

structure accommodates other glass formers or glass

modifiers. Therefore, boron glass mixed with other

glass elements possesses excellent properties and has

been widely used in technology [16–18].

In this paper, the boron element (B) was introduced

into the sol–gel-derived alumina thin films to tailor

the microstructure by means of the flexibility and

high bond strength of B–O bonds. The microstruc-

tural transition and its effect on the dielectric prop-

erties were analyzed in detail. The insight gained by

this work might be helpful in designing the

microstructure for enhancing dielectric properties.

Materials and methods

Sample preparation

The Al2-xBxOY (x = 0, 0.005, 0.02 and 0.1) thin films

(represented as B-0%, B-0.5%, B-2% and B-10%,

respectively) were prepared on Pt/Ti/SiO2/Si sub-

strates by sol–gel and spin-coating technology, as

seen in Fig. 1.

Boron-doped alumina sol was prepared by sol–gel

method. Firstly, 0.02 mol aluminum isopropoxide

was dissolved in 50 mL glycol ether, and then

0.02 mol acetylacetone, 10 mL acetic acid and

appropriate ratios of boric acid were successively

added to the above solutions to get a clear and

homogeneous sol. The Al2-xBxOY (x = 0, 0.005, 0.02

and 0.1) thin films were deposited on Pt/Ti/SiO2/Si

substrates by spin-coating method. Each deposited

film was preheated in a tubular furnace at 450 �C for

5 min for drying and pyrolysis of organics. The

desired thin film thickness of approximately 210 nm

was obtained after 7 times depositions in a clean-

room environment. The initial thin film annealed at

450 or 600 �C (abbreviated as T-450 or T-600), for 3 h

with a heating speed of 3 �C min-1 to prepare the

final thin films. Au top electrodes with the diameter

of 1 mm were fabricated by ion sputtering onto

Al2-xBxOY thin films for measuring dielectric

properties.

Characterizations

The combustion temperature of organics and

microstructural transition temperature of the samples

were recorded by differential scanning calorimeter

(DSC, SAT449C, Netzsch, Germany) from 30 to

1200 �C at a heating rate of 10 �C min-1 in ambient

atmosphere. The structural changes of the boron-

doped thin films were analyzed by X-ray photoelec-

tron spectroscopy (XPS, ESCALAB 250Xi, Thermo

Fisher, USA), Fourier transform infrared spec-

troscopy (FTIR, EQUINOX 55, Bruker Optics, Ger-

many) and 27Al magic-angle spinning nuclear

resonance spectroscopy (27Al MAS NMR, AVANCE

III HD, Bruker, Germany). Dielectric behaviors of the

Al2-xBxOY thin film samples were measured in nat-

ural environment. The data of current density as a

function of applied electric field were obtained using

a source meter (Agilent 2400, USA) unit interfaced

with a computer to perform the measurements.

Electric field was applied in a successive voltage step

of 0.2 V step-1 with a delay time of 0.1 s step-1.

Dielectric constant and dielectric loss measurements

were taken at room temperature via a LCR meter

(Agilent E4980A, USA).
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Results

Thermodynamic characteristics of boron-
doped alumina sol

DSC curves of B-0%, B-0.5%, B-2% and B-10% xero-

gels are shown in Fig. 2. The thermal decomposition

is divided into three stages. The initial stage S-1

(30–320 �C) is featured with some exothermal peaks,

which are clearly associated with water desorption.

The peaks at *60 and[150 �C correspond to the loss

of physical adsorption water and crystal water,

respectively. In the second stage S-2 (320–620 �C), a
broad exothermal peak dominates during the entire

temperature ramping course and it is ascribed to the

thermal decomposition of organics. It is worth noting

that, unlike the DSC curve of the sample B-0%, curves

of the doping films present some peaks at *500 �C,
which become sharper with the increase of boron

concentration. Combing with XRD patterns, it is can

be deduced that inflection points are assigned to the

microstructural transition rather than crystallization

because no crystallization peak except for the Pt

substrate emerging after annealed at 600 �C (shown

in Fig. 3). At the last stage S-3 (620–1200 �C), samples

undergo primary crystallization with sharp peaks.

The B-0% sample shows two exothermic peaks, due

to the transitions from amorphous Al2O3 to c-Al2O3

at 873 �C and from c-Al2O3 to a-Al2O3 at 1181 �C,
respectively, whereas each B-doped sample presents

only one exothermic peaks at 901, 912 and 927 �C,
respectively, and they are assigned to

Figure 1 Flow chart of

boron-doped alumina sol and

Al2-xBxOY thin films

fabrication.

Figure 2 DSC plots of B-0%, B-0.5%, B-2% and B-10%

xerogels.
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the transformation from amorphous alumina to c-
Al2O3. Obviously, the crystallization temperature

from amorphous Al2O3 to c-Al2O3 rises along with

the increase of boron concentration, indicating that

the addition of boron has significantly reinforced the

thermal stability of the film.

Microstructural characteristics of T-600 thin
films

The phase and composition of T-600 thin films

(including B-0%, B-0.5%, B-2% and B-10%, the

same below) are examined by XRD, as shown in

Fig. 3. XRD patterns exhibit two reflection peaks

at 2h = 39� and 67�, which are assigned to (111)

and (220) planes of the substrate Pt. Besides, no

extra crystallization peak is observed (inset in

Fig. 3), meaning the amorphous state of T-600 thin

films.

Figure 4 shows FTIR spectra of T-600 thin films.

Frequencies and their assignments for FTIR spectra of

T-600 thin films are summarized in Table 1. In the

study, the B–O bonds are analyzed in detail. Al–O–B

bonds are formed after boron addition. With the

increasing intensity of the peaks at 1294 and

1423 cm-1, we can know that [BO3] units are gradu-

ally produced as boron concentration increases. The

result is consistent with the Ref. [19]. Moreover, with

the increase of boron concentration, a new peak of

hydroxyl groups appears at 3340 cm-1. This may be

assigned to hydroxyl groups, which exist in the new

inner surfaces of thin film.

The 27Al MAS NMR spectra are also used to

characterize the T-600 thin films in Fig. 5. Three

typical peaks at *5, *35 and *60 ppm are assigned

to the [AlO6] octahedral, [AlO5] pentacoordinate and

[AlO4] tetrahedral, respectively [26]. The [AlO6]

mainly dominates matrix structure of thin films.

Meanwhile, the [AlO5] plays an significant role in

structure, suggesting that the films are amorphous

[27]. The result is in accordance with XRD results.

From inset (a) and (b), it can be observed clearly that

the intensity (content) of [AlO4] is IB-o.5%[ IB-2%[ IB-

10% or 0% and of [AlO5] is IB-2%[ IB-o.5%[ IB-10% or 0%

in terms of the same I[AlO6]. Combining with the fol-

lowing transformation mechanisms of the aluminum

polyhedron (NBO non-bridging oxygens) [28]:

AlO6½ � $ AlO5½ � $ AlO4½ � þNBO

It can be seen that [AlO6] units are more prone to

transform into [AlO4] and NBOs via pentacoordinate

[AlO5] with low boron concentrations, while

increasing boron concentrations result in the sup-

pression of the transition tendency, decrease of

[AlO4] and NBOs.

Figure 6 shows the O 1 s high-resolution spectra

for T-600 thin films. The main O 1 s components of

the T-600 films are centered at 530.98, 532.18, 531.28

and 531.08 eV, respectively. Clearly, the O 1 s core

level binding energy increases with boron doping.

Typically, the binding energy of sample B-0.5% is

dramatically 1.20 eV higher than that of the undoped

alumina thin film. Moreover, the binding energy

decreases with the increment of boron concentration.

Figure 3 XRD patterns of T-600 thin films; inset is the enlarged

curves in the range of 20�–65�. Figure 4 FTIR spectra of T-600 thin films.
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Dielectric properties

Comparison of dielectric properties of T-600 thin

films and dielectric properties of T-450 thin films

(including B-0%, B-0.5%, B-2% and B-10%, the same

below) is investigated. Figure 7a illustrates the typi-

cal logarithmic current density (log J) versus the

electric field (E) of T-450 thin films. All T-450 thin

films behave similarly and the current densities

fluctuate in a narrow range. The current density rises

sharply from 1.0 9 10-6 to 2.0 9 10-3 A cm-2 with

the increasing electric field (B30 MV m-1). At med-

ium and high electric field region ([30 MV m-1), the

escalation of current density slows down, saturates

and even reduces as the electric field increases.

Breakdown finally occurs when the leakage current

density increases sharply and abruptly. Under lower

electric field, the Ohmic conduction dominates the

leakage current, while the space-charge-limited cur-

rent (SCLC) and Schottky emission (SE), and even

other conduction mechanisms together could be the

dominant conduction mechanism [29]. Since break-

down behaviors under high electric field are com-

plicated and random, ten trails of breakdown tests

have been carried out to obtain the dependable

breakdown strength in this study. The measured

breakdown strength follows the Weibull distribution

(Fig. 7b). Breakdown strengths of B-0%, B-0.5%, B-2%

and B-10% samples are 300, 308, 294 and

310 MV m-1, respectively. They do not show evident

deviations. The distinctions of the T-450 thin films in

breakdown strength are reasonable because many

factors impact the final breakdown strength, such as

defects, ambient humidity and temperature.

The logJ–E characteristics and the Weibull distri-

bution of T-600 thin films are shown in Fig. 8. When

the thin films are calcined at 600 �C, the current

density of B-0.5% and B-2% visibly decreases in the

range of 0–200 MV/m. The current density of B-0.5%

is two orders of magnitude lower than the undoped

alumina thin film at 100 MV m-1. However, it is

worth noting that the current density increases with

the increase of boron content. The dependable

breakdown strength values are obtained (Fig. 8b).

Table 1 Frequencies of their assignments for FTIR of T-600 thin films

Wavenumber (cm-1) Assignment

450–1200

(centered at 686)

General feature of alumina and the bending information of Al–O–B bonds [20, 21]

1294 B–O asymmetric stretching vibrations in [BO3] units from varied types of borate rings [22, 23]

1423 B–O stretching vibrations in [BO3] units from pyro- and ortho-borate groups [22, 23]

1665 Bending vibrations of hydroxyl groups [24]

2344 Physisorbed CO2 molecules [25]

2700–3700 Stretching vibrations of hydroxyl groups [24]

Figure 5 27Al MAS NMR spectra for T-600 thin films; inset (a) is

the enlarged spectra of [AlO4] region (b) is the enlarged spectra of

[AlO5] region.

Figure 6 O 1 s high-resolution spectra for T-600 thin films.
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The breakdown strength of B-0%, B-0.5%, B-2% and

B-10% in T-600 thin films is 293, 465, 414 and

312 MV m-1, respectively. Considering the impact of

ambient humidity and temperature and so on, we

cannot make the conclusion that the boron doping

with 10 mol% makes positive influence on the

breakdown strength because of the small error

between B-0% and B-10%, whereas the breakdown

strengths of B-0.5% and B-2% in T-600 films are

enhanced compared with other samples, including all

samples in T-450 films and B-0%, B-10% in T-600 thin

films. In particular, for the sample B-0.5%, the

breakdown strength is increased by 59% up to

465 MV m-1 compared with the undoped alumina

film. Moreover, the breakdown strength decreases

from 465 MV m-1 to 312 MV m-1 as the boron con-

centration increases from 0.5 mol % to 10 mol % in

T-600 thin films.

The dependence of dielectric constant and

dielectric loss on frequency measured at room tem-

perature in the 100–2000 kHz range is presented in

Fig. 9. The overall dielectric spectra are typical

Figure 7 a LogJ–E characteristics for T-450 thin films with

different boron concentrations, b Weibull plots of breakdown

voltage of the T-450 thin films. Inset is dielectric breakdown

strength of the samples (U is the specific breakdown voltage of

each specimen; n is the sum of specimens of each sample, i is the

number of specimen, and E is the average breakdown electric

field).

Figure 8 a LogJ–E characteristics for T-600 thin films with

different boron concentrations, b Weibull plots of breakdown

voltage of the T-600 thin films. Inset is dielectric breakdown

strength of the samples (U is the specific breakdown voltage of

each specimen, n is the sum of specimens of each sample, i is the

number of specimen, and E is the average breakdown electric

field).
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characteristics of conduction dominant low loss lin-

ear dielectrics. The dielectric constant decreases with

the increase of frequency, whereas dielectric loss

behaves in an opposite way. The incorporation of

boron induces an increase in dielectric constant and

dielectric loss. Meanwhile, they increase when the

boron loading increases. Typically, the dielectric

constant and dielectric loss increase from 17.9 to 11.2

at 50 kHz and from 0.14 to 0.39 at 2000 kHz,

respectively.

Discussion

Microstructural transition

From the results of DSC, it is necessary to remain the

annealing temperature above 500 �C for facilitating

microstructural transition with boron addition. The

microstructural transition reinforces the thermal sta-

bility owing to the crystallization temperature rising

from amorphous Al2O3 to c-Al2O3 (Fig. 2). It is

believed that the transition also plays a significant

role in improving dielectric properties. Therefore, the

correlation between the microstructural evolution

and dielectric properties of the alumina thin film is

investigated.

Combining with the results of FTIR, strong Al–O–B

bonds are formed and participate in the framework

of the amorphous alumina film. This is the reason

why the thermal stability is enhanced [30]. According

to Ref. [19], boron prefers to create B–O bonds, which

couple each other to produce [BO3] chains, rather

replaces aluminum or occupies space to produce Al–

O–B bonds in the xerogels. When xerogels are

annealed above 500 �C, [BO3] chains are partly

volatilized and create new surfaces [31], as proven in

Fig. 10. Figure 10 presents SEM surfaces of the

(a) undoped alumina and (b) 10% boron-doped alu-

mina thin films. Compared with the smooth and

homogeneous surface of the undoped alumina thin

film (Figure 10a), the surface of the 10% boron-doped

alumina thin film shows some micropores and

cracks, which extend to the inner of the film and

create new surfaces. The unburned [BO3] chains and

newly formed surfaces are crossing over the alumina

matrix that leads to a disruption of aluminum

structure [32]. Meanwhile, the new surfaces are gen-

erally thought to be occupied by hydroxyl groups

owing to the affinity of boron to water [18]. The boron

addition affects the aluminum-oxide polyhedron as

well. The [AlO6] can be transformed into [AlO4] and

NBOs via [AlO5] with low boron concentrations,

whereas the tendency is suppressed by high boron

Figure 9 Frequency dependence of dielectric constant and dielec-

tric loss characteristics of T-600 thin films.

Figure 10 SEM surface images of the a undoped alumina and b 10% boron-doped alumina thin films.
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concentration (Fig. 5). The distribution of the [AlO4]

tetrahedron, which has stronger Al–O bonds than

that of [AlO5] and [AlO6] units, can strengthen the

structure.

The more structural information can be obtained

from the results of XPS. It is clearly that the O 1 s

binding energy increases after boron addition but

decreases with the increase of boron doping (Fig. 6).

Owing to the high O 1 s binding energy signifying the

stable structure, therefore, the order of the structural

stability of B-doped thin films from strong to weak is

B-0.5%, B-2% and B-10%. Benefiting from the results

of FTIR and 27Al MAS NMR, the increase of the O 1 s

binding energy can be assigned to newly formed

strong Al–O–B bonds, [AlO4] tetrahedrons, whereas

the binding energy decrease is due to the distortion of

[BO3] chains, the suppression of [AlO4] tetrahedrons

and the tear effect of new surfaces [33, 34].

Dielectric properties

Firstly, the current density and breakdown strength

of the films before and after the microstructural

transition are investigated. When the films are

annealed at 450 �C, the current density and break-

down strength slightly change. While the films are

annealed at 600 �C, the current densities of B-0.5%

and B-2% are lower than all other thin films in the

region of 0–200 MV m-1. And breakdown strengths

of B-0.5% and B-2% are higher. The above phe-

nomenon suggesting that the microstructural evolu-

tion with suitable boron contents makes the positive

influence on the current density and breakdown

strength. Secondly, the current density, breakdown

strength and dielectric constant and loss changes of

T-600 thin films caused by the incorporation of boron

are analyzed. The current density, dielectric constant

and dielectric loss increase as the boron concentration

increasing from 0.5 to 10 mol% yet the breakdown

strength decreases from 465 to 312 MV m-1 (Figs. 8,

9).

The microstructural evolution allows the correla-

tion between individual microstructural features and

the dielectric properties to be determined. The

dielectric properties are thought to be affected by a

combination of the following factors:

(a) Newly formed Al–O–B bonds

(b) [AlO4] tetrahedrons

(c) [BO3] chains

(d) Hydroxyl groups

Among all thin films, the current density and

breakdown strength of T-450 thin films slightly

change because the microstructural evolution cannot

occur. When samples are calcined at 600 �C, the

lower current density and higher breakdown

strength with boron doping concentrations of 0.5 and

2mol % are achieved. For the current density and

breakdown strength, the changes are accompanied by

the stability changes of thin films. The current density

decreases with the increase of the stability. The

breakdown strength increases with the increase of the

stability. The B-0.5% in T-600 thin films shows the

highest breakdown strength and lowest current

density, which are due to the reinforced structure

originating from the newly formed strong Al–O–B

bonds and [AlO4] tetrahedrons. While, as the boron

doping concentration increases, the structure gradu-

ally becomes weak resulting in the increase of the

current density and decrease of breakdown strength.

The weak behavior is associated with [BO3] chains

dislocation and new surfaces disruption effect, pro-

duced by parts of [BO3] chains volatilization. For the

dielectric constant and loss, they all increase with the

boron loading increase. The behavior may be associ-

ated with hydroxyl groups. Hydroxyl groups exist on

the new surfaces and other defects of the thin films.

When the higher content of boron is introduced, the

larger number of hydroxyl groups is accumulated

[18, 35], leading to the increase of dielectric constant

and dielectric loss.

Conclusions

In summary, amorphous B-doped alumina thin films

were prepared via sol–gel and spin-coating technol-

ogy. Boron doping facilitated the improvement of

thermal stability and the microstructural transition

occurred at *500 �C. XRD, FTIR, 27Al MAS NMR

and XPS measurements were employed to charac-

terize the microstructural evolution. The results

revealed that the structure was reinforced originating

from the new formation of strong Al–O–B bonds and

[AlO4] tetrahedrons with relative low boron concen-

trations, whereas the structure turned into relatively

unstable owing to the suppression of [AlO4] tetra-

hedrons, [BO3] chains dislocation and new surfaces

disruption effect with the increase of boron
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concentration. The microstructural transition is

responsible for dielectric properties. The B-doped

samples annealed at 450 �C have no obvious change

in current density and breakdown strength because

the microstructural transition cannot occur. How-

ever, films with boron concentrations of 0.5 and

2 mol% annealed at 600 �C exhibited significantly

enhanced breakdown strength and decreased current

density based on the microstructural transition.

Typically, the breakdown strength of the optimum

0.5 mol% B-doped alumina thin film was increased

by 59% (from 293 to 465 MV m-1) and the current

density decreased two orders of magnitude

at *100 MV m-1 in comparison with that of the

undoped alumina thin film. With the increase of

boron concentration, the structure gradually becomes

weak leading to the increase of current density and

the decrease of breakdown strength. Moreover, the

addition of boron can increase the dielectric constant

and dielectric loss due to hydroxyl groups. And they

increased when the boron loading increased. The

versatile dielectric properties of alumina thin film

achieved by boron loading suggest a promising

industrial route to prepare a flexible high-energy-

density dielectric materials.
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