
Studying electrical characteristics of Al2O3/PVP nano-hybrid
composites as OFET gate dielectric

B. Soltani1 • M. Babaeipour1 • A. Bahari2

Received: 23 October 2016 / Accepted: 9 November 2016 / Published online: 21 November 2016

� Springer Science+Business Media New York 2016

Abstract Al2O3/PVP nano-hybrid composite samples are

synthesized using Sol–Gel method at 80 �C. Weight per-

cent of poly 4-vinyl phenol (PVP) and aluminum oxide is

0.0, 0.28, 0.56, and 0.84. To study the nano-structural and

electrical characteristics, X-ray diffraction, Fourier transfer

infrared radiation, scanning electron microscopy, and

atomic force microscopy are used. Dielectric constant of

the samples is calculated using GPS 132A technique. The

results show that the highest amounts of dielectric constant

at the frequency of 120 and 1 kHz are related to Al2O3/

0.28 wt% PVP (AP 0.28 wt%). PVP (k = 35) and Al2O3/

0.56 wt% PVP (AP 0.56 wt%). PVP (k = 26) nano-com-

posite samples, respectively. Therefore, at the frequency of

120 kHz, AP 0.28 wt% PVP nano-composite sample, due

to having higher equivalent oxide thickness, less rough-

ness, ohmic properties, smaller size of nano-crystallites

(Scherrer diameter of 45 nm), higher dielectric constant,

and as a result less leakage current, is recommended as the

gate dielectric for the future of organic field effect tran-

sistors (OFET).

1 Introduction

In electronic and nano-optoelectronic devices, particularly

in silicon-based field-effect transistors, thickness of gate

dielectric reaches about 1–2 nm, which has problems such

as increased quantum tunneling, increased leakage current,

and boron atom diffusion through the ultra-thin gate

dielectric film; consequently, these factors reduce the per-

formance of transistors. Thus, a new architecture is pro-

posed for field-effect transistors [1–9].

In this regard, some researchers have proposed several

materials with high dielectric constant, such as Al2O3,

La2O3, HfO2, Ta2O5, TiO2, and ZrO2 as the buffer insulator

in metal–oxide–semiconductor field-effect transistors

(MOSFET) [10–16]. Despite the high rate of dielectric

constant, because of the formation of an unwanted inter-

mediate SiO2 layer between silicon substrate and these

materials, they could not replace silicon dioxide as the

appropriate gate dielectric [17]. Hence, in recent years,

metal oxide and organic matter nano-hybrid composites

have been widely welcomed owing to their unique prop-

erties in various fields (including catalysts, and electronics)

[18–21].

Aluminum oxide, known as alumina, is one of the most

important electronic ceramics, which has many industrial

applications in micro-electronic industry. Alumina has

strong ionic inter-atomic bonds, which is the source of its

desirable features. It can exist in different crystalline pha-

ses; stable and hexagonal alpha phase at high temperatures

is mainly one of the dominant and proposed phases.

Because of having a strong and rigid structure, excellent

dielectric properties, good thermal properties and strength,

and fine aggregate structure, this phase has many applica-

tions in electronic devices. Dielectric constant value of

alumina is about 9 [22].
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On the other hand, due to having different electrical

characteristics, organic materials, here, PVP (poly 4-vinyl

phenol), have been considered by researchers [23]: superior

performance and less cost for processing and construction.

Considering the flexibility of its structure, a hybrid of these

organic materials has sent a message indicating the estab-

lishment of a new space in the field of nano-electronic

devices. In this field, composite hybrid of materials such as

aluminum oxide and PVP is used to examine the possibility

of its introduction instead of silicon oxide. The present

research attempts to investigate the nano-structural and

electric characteristics of such samples.

2 Experimental procedures

Al2O3/PVP nano-hybrid composite samples were synthe-

sized using Sol–Gel method, in which 97% tri-sec-butoxide

(Al[OCH(CH3)C2H5]3) with acetylacetone and ethanol

solvents as the precursor were used for nano-crystallites.

Acetylacetone was used as the PVP solvent; 0.5 ml of tri-

sec-butoxide was solved in 5 ml of 98% acetylacetone and

5 ml of 98% ethanol and then was spun on the magnetic

stirrer for 2 h at room temperature. At the same time,

0.040 g of PVP was poured into 5 ml of acetylacetone and

spun for 2 h on the magnetic stirrer at room temperature

until being completely resolved. Then, the second solution

was slowly added to the first solution and spun for 22 h on

the magnetic stirrer at the room temperature. After this

period, the temperature of the magnetic stirrer was adjusted

at 150 �C and let it continue spinning. After 2 h, the

solution was turned into gel. The gel sample was dried for

15 h in the oven at 70 �C, milled, and turned into a cream-

colored smooth powder. Accordingly, AP 0.28 wt% PVP

powder sample was achieved. Testing for the weight per-

centages of 0.56 and 0.84 (0.56 and 0.84 wt%) was also

repeated in a completely similar manner and the powders

with similar apparent characteristics were obtained. In

addition, the test was repeated without PVP (0.00 wt%

PVP or 0.00 M PVP).

3 Results and discussion

Many researchers [22–30] have reported that amorphous-

shaped gate dielectric, materials with high dielectric con-

stant, low coarseness and surface roughness, high mobility,

and low leakage current can be proposed as the candidate

for gate dielectric materials. Hence, it is beneficial to

ensure that the constructed layers do not have well-defined

crystal structures, which is confirmed by XRD results

(Philips PW-1710). For this purpose, crystalline phases of

nano-hybrid composites are studied by XRD analyses. On

the other hand, the performance of OFET devices depends

on the use of high-performance dielectrics that form active

surfaces, with low defect density or smooth surfaces and

good surface topography and morphology. Therefore,

microscopic analysis and surface morphology are properly

done using SEM and AFM techniques.

Additionally, the correlation between surface roughness

and mobility in hybrid composite materials has been

recently studied by Chua et al. [29]. They believe that

increased surface roughness results in the decreased

mobility of OFET. Therefore, it is necessary to study and

measure average roughness, average value, and root mean

square using Nanosurf software.

Understanding several effective factors in the chemical

bonds and bending vibrations of gate dielectric structures is

a very important issue. FTIR spectra (Perkin-Element

1730) related to Al2O3 powder and Al2O3/PVP polymer

complexes in terms of transmittance percentage are shown

in Fig. 1.

Several peaks are observed in Fig. 1, which are detected

using FTIR standard card. FTIR peaks at 690, 580, and

486 cm-1 are related to the tensile vibrations of Al–O

bond. The presence of peaks at 1596, 1525, and 1394 cm-1

are related to the bending vibrations of O–H bond of water

adsorption molecules on Al2O3. The presence of the flat

peak at 3440 cm-1 is also related to the tensile vibration of

water adsorption molecules on Al2O3. As can be seen in

this figure, the effect of PVP is revealed as the decreased

intensity of the absorption peaks of Al2O3. As a result, only

through the reduced intensity of the peaks due to the

increased PVP weight percent compared with Al2O3 sub-

strate, the formation of nano-composite can be confirmed.

Crystalline structures and size of nano-crystallites are

determined using X-ray diffraction (XRD). Figure 2 shows

the effect of PVP concentration on the diffraction pattern of

the studied nano-hybrid composites. By increasing the

amount of PVP in the nano-hybrid composites, they are

formed in more polycrystalline phases.

As can be observed in Fig. 2a–d, the two presented

peaks are related to Al2O3 (012) and Al2O3 (104) [31]. By

increasing the amount of PVP in the powder mixture, no

change occurs in Al2O3 phase. But, according to XRD

patterns, the intensity of the peaks related to Al2O3 (012)

and Al2O3 (104) is slightly increased and flattened.

Size of crystallite grains is also determined by Scher-

rer’s relation [32].

D ¼ K � k
b � Cosh

ð1Þ

where D is average size of Al2O3/PVP crystallites, K is

Scherrer’s constant equal to 0.94, k is the wavelength of

incident radiation (Cuka = 1.5406 Å), b is full width at

half maximum (FWHM), and h is Bragg’s angle
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corresponding to the studied peak [33]. In order to calcu-

late the size of crystallites and full width at half maximum

(FWHM), X-powder software is used. In Fig. 3, the results

of analyzing (012) and (104) peaks in this software are

presented. The scheme of the fitted curve and FWHM

width is also evident in this figure. Summary results can be

found in Table 1, with the explanation that strain is

neglected while calculating Scherrer’s size.

According to Table 1, minimum size of nano-crystallites

using the second and first peaks (104) are related to AP

0.28 wt% PVP (45 nm) and AP 0.84 wt% PVP (62 nm)

samples, respectively.

In Fig. 4a–d, EDX analyses obtained from nano-hybrid

composites confirm the presence of C, Al, and O nano-

particles. Results of EDX analysis in Table 2 show that the

concentration of C is higher in Al2O3 ? 0.84 wt% PVP

sample.

In addition, SEM images of Al2O3 samples and different

percentages of AP in Fig. 5a–d reveal no obvious crys-

talline grains, but indicates on signs of brittle fracture on

the surface.

According to the SEM images of Al2O3 and AP sam-

ples, when PVP values increase by 0.28 wt% in Al2O3, a

smoother surface with less roughness than other PVP val-

ues is formed (Table 3). Surface roughness clearly helps

increase irregularity and affects the steady growth of

semiconductors [34]. It is believed that roughness of

the dielectric, due to causing irregularity in the accumu-

lation layer, reduces mobility inorganic semiconductors

[29, 35, 36]. As a result, it reduces conductivity as

r ¼ q nle þ plp
� �

.

Figures 6a–d demonstrate 2D, 3D, and vertical topo-

graphic profile of AFM images related to Al2O3 and Al2O3/

PVP nano-hybrid composites with different concentrations

of PVP synthesized at 80 �C. In Table 3, roughness factors

of Al2O3 and Al2O3/PVP samples obtained by Nanosurf

software are presented [27].

Surface roughness parameters including Sa, Sq, Sm, Sv,

Sp, Sy. are also calculated by Nanosurf software.

Sa (average roughness value) is the average sum of the

module of distances of all points from the measured sur-

face, in direction, perpendicular to the conditional plane; Sq
is root mean square value; Sm (mean roughness value) is

also defined by the same average sum, but here the positive

or negative values of the vectors are taken into account; Sv

Fig. 1 FTIR spectra of Al2O3

and Al2O3/PVP (AP) nano

hybrid composite with different

content of PVP

Fig. 2 XRD Patterns of a Al2O3, b AP 0.28 wt% PVP, c AP

0.56 wt% PVP, d Al2O3 ? 0.84 wt% PVP nano-hybrid composites.

2h range 5�–50�
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(valley depth) notes the distance between the conditional

plane and the lowest point of the measured surface; Sp
(peak height) is the distance between the highest point of

the measured surface and the conditional plane; Sy (peak

valley height) is the distance between the highest (Sp), and

the lowest (Sv) points of the measured surface.

Fig. 3 Calculation of full width

at half maximum (FWHM) over

the corresponding peaks in

XRD patterns for four samples:

Al2O3, AP 0.28 wt% PVP, AP

0.56 wt% PVP and

Al2O3 ? 0.84 wt% PVP, by

using X-Powder software

Table 1 FWHM and Scherrer’s crystallite grain size obtained from the (012) and (104) peaks in XRD patterns for four samples: Al2O3, AP

0.28 wt% PVP, AP 0.56 wt% PVP and Al2O3 ? 0.84 wt% PVP, by using X-Powder software

Sample FWHM FWHM a2 corrected True FWHM Scherrer (nm) Corrected Scherrer (nm)

(012) (104) (012) (104) (012) (104) (012) (104) (012) (104)

Ap 0.080 0.180 0.073 0.176 0.054 0.129 110 49 163 69

0.28 wt% AP 0.069 0.245 0.060 0.242 0.014 0.195 129 36 634 45

0.56 wt% AP 0.128 0.067 0.124 0.052 0.078 0.006 70 132 114 1576

0.84 wt% PVP 0.190 0.137 0.188 0.132 0.142 0.085 47 65 62 104

Strain is neglected
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Sa ¼
1

MN

XM�1

k¼0

XN�1

l¼0

z xk; ylð Þj j ð2Þ

Sm ¼ 1

MN

XM�1

k¼0

XN�1

l¼0

z xk; ylð Þ ð3Þ

Sq ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

MN

XM�1

k¼0

XN�1

l¼0

z xk; ylð Þð Þ2

vuut ð4Þ

Sv ¼ lowest value ð5Þ
Sp ¼ highest value ð6Þ

Sy ¼ Sp � Sv ð7Þ

These parameters are presented in Table 3.

According to the introduced roughness parameters and

values obtained in Table 3, Sa, Sq, Sy, Sp values related to AP

0.28 wt% PVP sample are the minimum values which are

respectively equal to 16.295, 20.865, 148.13, and 86.875 nm.

The minimum difference between peak and valley (Sv) is also

related to the same sample. However, as can be seen in the

last column of Table 3, Sm value of this sample is the mini-

mum value and equal to 0.3872 pm. Therefore, AP 0.28 wt%

PVP sample has the most appropriate surface roughness.

Mean fit and Line fit values in Table 4 also confirm the

preference of this sample over others.

It is expected from AP nano-hybrid composite with tight

surface to have a good blocking function to prevent the

growth of the intermediate layer between the gate dielectric

and substrate in MOSFETs.

In order to study the electrical properties of the samples,

some capacitors are constructed using Al2O3 and AP nano-

powders, capacity of the samples is measured by PROVA

903 multi-meter, and then dielectric constant (k) is calcu-

lated using the equation k ¼ cd
e0A

. In the constructed tablets:

A ¼ 1:13cm2, e0 ¼ 8:85 � 10�12 C2

Nm2

� �
, and d = 2 mm.

Results in Table 5 show that capacity (C), dielectric

constant (k), quality factor (QF), and dissipation factor (DF)

change after adding PVP to the samples. The maximum

amounts of dielectric constant at the frequency of 1 and

120 kHz are related to Al2O3 ? 0.28 wt% PVP and Al2-

O3 ? 0.56 wt% PVP, respectively.

In Fig. 7, I–V data and the best fitted curves for these

data are presented. The comparison between I and V

curves shows the differences between Al2O3 and AP

samples. As can be seen, the relationship between I and V

is non-linear (non-ohmic). According to this figure, the

curve associated with AP 0.28 wt% PVP sample shows a

more ohmic contact behavior than other curves. In Table 6,

the characteristics of the fitted curves to data are presented.

These curves are exponential and their equation and

Fig. 4 EDX results for:

a Al2O3, b AP 0.28 wt% PVP,

c AP 0.56 wt% PVP,

d Al2O3 ? 0.84 wt% PVP nano

hybrid composites

Table 2 EDX results for

Al2O3, Al2O3 ? 0.28 wt%

PVP, Al2O3 ? 0.56 wt% PVP

and Al2O3 ? 0.84 wt% PVP

Nano hybrid composites

Sample Series Norm. C (wt%) Total (%) Atom. C (wt%) Total (%)

C O Al C O Al

Al2O3 K series 48.51 43.57 7.92 100 57.25 38.59 4.16 100

Ap 0.28 wt% K series 50.52 43.38 6.10 100 58.88 37.96 3.16 100

AP 0.56 wt% K series 50.06 42.44 7.50 100 58.71 37.37 3.92 100

AP 0.84 wt% K series 59.07 37.70 3.23 100 66.51 31.87 1.62 100
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coefficients are presented in the table. Results of good-

ness of it are given in columns 6 to 9. According to this

table, the minimum MSE and RMSE as well as maxi-

mum correlation and adjusted R2 correlation are equal to

10.37, 1.217, 0.999, and 0.9987 and related to AP

0.84 wt% PVP sample, respectively. Goodness of fit

values of AP 0.28 wt% PVP sample which are equal

to 28.73, 2.026, 0.9971, and 0.9962, respectively, are

acceptable values.

The surface under I–V curves related to Al2O3/PVP (AP)

dielectric nano-crystallites, which can be obtained using

cyclic–voltammeter (C–V) technique, is proportional to

(P = VI) power. The average amount of current, �I, is

obtained as follows:

P ¼ r Idv ð8Þ

�I ¼ P

DV
ð9Þ

Fig. 5 SEM images of:

a Al2O3, b AP 0.28 wt% PVP,

c AP 0.56 wt% PVP,

d Al2O3 ? 0.84 wt% PVP

samples

Table 3 Surface roughness

factors of Al2O3 and AP

samples obtained with nanosurf

software

Sample Area (pm2) Sa (nm) Sq (nm) Sy (nm) Sp (nm) Sv (nm) Sm (pm)

Al2O3 9.118 39.121 49.435 319.86 187.92 -131.93 46.02

AP 0.28 wt% 9.118 16.295 20.865 148.13 86.785 -61.34 0.3872

AP 0.56 wt% 9.118 26.677 34.104 245.36 135.79 -109.57 1.0075

AP 0.84 wt% 9.204 21.747 28.495 242.51 127.25 -115.26 24.256
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Higher QF value indicates a lower rate of energy loss

with respect to stored energy of the capacitor as demon-

strated in Eq. (10),

QF ¼ 2p
Energy stored

energy dissipated per cycle
ð10Þ

Fig. 6 2D, 3D and best topography profile of a Al2O3, b AP 0.28 wt% PVP, c AP 0.56 wt% PVP and d Al2O3 ? 0.84 wt% PVP samples
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DF value defined with Eq. (11) gives the loss-rate of

energy of capacitor and varies with the dielectric material

as presented in Table 5.

DF ¼ 1=QF ð11Þ

Likewise, mathematically, the expression for current

density according to Poole–Frenkel model can be written

as [37]:

Fig. 7 The I–V data and best fit

curves for Al2O3,

Al2O3 ? 0.28 wt% PVP,

Al2O3 ? 0.56 wt% PVP and

Al2O3 ? 0.84 wt% PVP

samples

Table 6 Fit curve equation coefficients and goodness of fit parameters for Al2O3, Al2O3 ? 0.28 wt% PVP, Al2O3 ? 0.56 wt% PVP and

Al2O3 ? 0.84 wt% PVP samples

Sample Fit curve eq. Coefficients (with 95% confidence bounds) Goodness of fit

a b c SSE R2 Adjusted R2 RMSE

Al2O3 f(x) = a*xb ? c 8.137 2.329 7.21 109.9 0.9866 0.9849 3.706

AP 0.28 wt% f(x) = a*xb ? c 152.4 1.182 -8.718 28.73 0.9971 0.9962 2.026

AP 0.56 wt% f(x) = a*xb ? c 142.8 2.908 9.435 73.81 0.9926 0.9901 3.57

AP 0.84 wt% f(x) = a*xb ? c 0.5148 3.369 8.545 10.37 0.999 0.9987 1.217

Table 4 Mean fit and line fit for Al2O3 and Nano hybrid composite

samples AP

Sample Mean fit (nm) Line fit (nm)

Al2O3 287 272

AP 0.28 wt% 126 112

AP 0.56 wt% 220 202

Al2O3 ? 0.84 wt% 240 234

Table 5 C, k, QF and DF of

Al2O3 and AP obtained by using

PROVA 903 multi-meter

technique where wafer capacitor

surface and wafer thickness are

A = 1.13 cm2 and 2 mm,

respectively for frequency = 1

and 120 kHz

Samples Frequency = 1 kHz Frequency = 120 kHz

QF DF C (pF) k QF DF C (pF) k

Al2O3 26.1 0.038 4.7 14 5.0 0.199 5.0 15

AP 0.28 wt% 3.4 0.298 7.5 15 1.4 0.704 17.0 35

AP 0.56 wt% 1.7 0.592 12.9 26 5.1 0.198 3.0 6

AP 0.84 wt% 4.8 0.208 6.2 12 2.2 0.457 8.0 16

Bold values indicate high-k material respect to other present samples

C capacity, k dielectric constant, QF quality factor, DF dissipation factor
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JPF ¼ AT2exp
1

KBT

57:7eV

kd

� �1
2

�ut

" # !

ð12Þ

where k is dielectric constant of the film, d is electrode

spacing in A, ut is depth of the trap potential well, KB is

Boltzmann constant, T is measurement temperature and A

(Richardson constant) is 120 A/cm2 K2. Poole–Frenkel

effect which has been observed due to trap levels origi-

nated from defect levels indicates that adsorbed oxygen

atoms present in grain boundary regions can change nano

structure as well.

The results show that the maximum value of dielectric

constant at the frequency of 1 and 120 kHz is related to AP

0.56 wt% (k = 26) and AP 0.28 wt% (k = 35) nano-hy-

brid composite samples, respectively (Table 5). This issue

indicates the frequency dependence of the dielectric con-

stant caused by the increased tensile vibrations and bond

vibrations in the samples. According to Poole–Frenkel

effect, these samples have minimum leakage current

compared with other samples and can be proposed as a gate

dielectric for OFET at the corresponding frequency. In

addition, dielectric constant (k) related to SiO2 and AP

0.28 wt% PVP is respectively equal to k = 3.9 [38] and

k = 35. Therefore, according to Eq. (13) and by ignoring

ut, it can be seen that the leakage current of AP 0.28 wt%

PVP sample which is proportional to exp 1=
ffiffiffi
k

p� �
is

decreased greatly compared with silicon dioxide.

JAP0:28 wt% / exp
1

kAP0:28 wt%

� �1=2
 !

ð13Þ

Consequently, the leakage current passing through AP

0.28 wt% PVP sample is significantly reduced.

4 Conclusion

There are several problems that constraint the decreased

thickness of gate dielectric. This constraint is caused by

boron diffusion from ultra-thin silicon oxide dielectric. A

nano-hybrid composite was proposed here to solve this

problem. Effective oxide thickness (EOT) of AP 0.28 wt%

PVP was 17-fold compared with that of SiO2, which con-

siderably reduced the leakage current and tunneling cur-

rent. Therefore, AP 0.28 wt% PVP because of having high

dielectric constant and appropriate EOT, minimum

roughness, ohmic properties, and small size of nano-crys-

tallites (Scherrer diameter of 45 nm) could be used as a

substitute for SiO2 gate dielectric. Consequently, AP

0.28 wt% PVP nano-hybrid composite could be presented

as a possible gate dielectric material for the next generation

of OFET devices.
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