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Abstract—In this research, TGA technique was used for determining thermal and gravimetrical stability of
Al/Sn/La,0; nanostructures prepared by sol-gel and spin-coating methods. Structural properties and surface
morphology of the films were investigated by different analysis methods. Energy dispersive X-ray spectros-
copy and a map were used to make a quantitative chemical analysis of unknown materials. Electrical proper-
ties of the samples were measured by metal-dielectric-semiconductor through capacitance—voltage and cur-
rent rate—voltage. The conduction mechanism in the electrical field below 0.12 MV/cm and in the tempera-
ture range of 335 K < 7'< 420 K was found to be ohmic emission. A model of thermal excitation is proposed
to explain the mechanism of ohmic conduction current. The highest value of dielectric constant (k) was ~32
at 7} = 200°C with almost amorphous structure. The results showed that at 7 = 200°C the Al/Sn/La,0;
nanostructure has lower leakage current rate and higher capacitance than those for other samples because of

almost amorphous structure.

DOI: 10.1134/S0018151X19060191

INTRODUCTION

The metal-oxide-semiconductor field effect tran-
sistors (MOSFETSs) play an important role in ultra-
large-scale integration (ULSI) that is used in electric
products, for example: personal computers, digital
cameras and mobile phones [1]. Geometrical size of
MOSFETs with high dielectric constant k is important
for processing speed and electrical power dissipation [2].
Gate dielectric plays a major role in the MOSFETs
performance [3]. Silicon dioxide (SiO,) with atomic
layer was used as gate dielectric material in the current
MOSFETs [4]. Facing some problems, such as high
leakage currents, tunneling currents, high power dissi-
pation, and boron diffusion becomes a critical issue
for SiO, gate dielectric [4]. Some researchers suggest
materials with high k& demonstrate lower leakage and
tunneling currents as well as lower boron diffusion [5].
The results of researches show that uncommon earth
oxides like lanthanum oxide (La,0;) can be suitable for
MOSFETs because of high dielectric constant [6—8].
Nanomaterials with amorphous structure and flat sur-
face can make tunneling and leakage currents and
boron diffusion less in MOSFETs gates [9, 10]. La,0,
has high k (around 27) [11], but its crystallinity tem-
perature is above 400°C [12]. It has the properties of
p-type semi-conducting because its resistivity decreases
with increasing temperature [13]. Aluminum can
make composites more amorphous [14, 15]. In this
research, we also used SnO because of its good effects
such as thermal stability [16—18].

In this paper, we tried to synthesize and investigate
the material and dielectric properties of La,0; doped
with Al and Sn expecting that nanocrystallites can be
used as a good gate dielectric for the future MOSFET
generations.

EXPERIMENTAL PROCEDURES

In this work, lanthanum chloride (LaCl; - 7H,0),
cetyl trimethyl ammonium bromide (CTAB), ammo-
nia (25%), aluminum tri-sec-butylate (C,,H,;Al05),
acetyl acetone (C,H;0y), isopropyl alcohol (C;H;0),
tin (IT) chloride (SnCl,), and H,O were used to syn-
thesize Al/Sn/La,0; nanostructure. All materials in
this research were of analytical reagent grade pur-
chased from Merck (Darmstadt, Germany) unless
otherwise stated. The synthesis of La,0O; nanostruc-
ture was carried out as follows. Firstly, 0.91 g of CTAB
were put into 102 mL of distilled water under magnetic
stirring at room temperature. Then 2.0 g of LaCl; -
7H,0 were added with stirring to form a homogeneous
transparent solution, and 3.0 mL of ammonia (25%)
was added dropwise to adjust the pH value of the solu-
tion to 10.0. Along with the addition of ammonia, the
solution was turned translucent colloidal.

Then 0.3 mL of C,H,;AlO; were dissolved in
0.5 mL of C;H30 and 0.5 mL of C,H;04 under mag-
netic stirring at room temperature. Simultaneously
0.54 g of SnCl, with 0.1 g CTAB were dissolved in
10.0 mL of distilled water under magnetic stirring at
room temperature. After that both solutions were
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CTAB+ distilled
water

LaCl; - 7H,0
Ammonia

AlO; + C,H50g + C3HgO

SnCl, + CTAB + distilled
water under magnetic stirring

under magnetic
at room temperature

Gel formation

Spin-coating at the rate of 2500 rpm

Formation of Al/Sn/La;0O3/Si nanostructure

Calcination at different temperatures for 2 h

Fig. 1. The schematic flow chart of the Al/Sn/La,0;
nanostructure synthesis process.

added to La,0;. After magnetic stirring for 24 h, the
gel was coated on Si substrate at 2500 rpm to form
Al/Sn/La, 05 nanostructure. The surfaces of these nano-
structures were uniform enough. After that Al/Sn/La,0,
nanostructures were calcined at 7, =200°C, 7, = 300°C,
T,=400°C, and T, = 600°C. The molar ratios for all four
samples were [C,,H,;AlO;]/[LaCl; - 7H,0] = 1/5 and
[SnCl,]/[LaCl; - 7H,0] = 4/5. The samples were
investigated with several techniques such as thermo-
gravimetric analysis (TGA), X-ray diffraction (XRD),
Fourier transfer infrared radiation (FTIR), scanning
electron microscopy (SEM), atomic force microscopy
(AFM), energy dispersive X-ray (EDX), X-map,
capacitance—voltage curve (C—V), and current rate—
voltage curve (J—V). Figure 1 shows the schematic
flow chart of the Al/Sn/La,0; nanostructure synthe-
sis process. The sample’s characteristics are shown in

Table 1.
RESULTS AND DISCUSSION

TGA curve for Al/Sn/La,O; nanostructure is
shown in Fig. 2a. The TGA showed 9.5% loss at
around 20—200°C because of impurities, such as H,O

Table 1. Experimental temperatures

Sample no. T,°C
1 200
2 300
3 400
4 600
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Fig. 2. (a) TGA measurement and (b) XRD patterns of
Al/Sn/La,05 nanostructures at different calcination tem-
peratures: (/) SnO, and (2) LaOCl.

and Cl, [19]. At temperatures from 250 to 600°C,
Al/Sn/La,0; nanostructure weight was is 41.14%.
According to TGA curve this nanostructure became
stable after 7= 600°C.

The XRD patterns of the samples are shown in
Fig. 2b. At T, = 200°C, Al/Sn/La,0; nanostructure
has almost amorphous structure. Amorphous struc-
tures have lower tunneling and leakage currents and
boron diffusion than crystalline ones in MOSFETs
gates [20]. Some dominant peaks also appeared at T,
T;, and T,. The Joint Committee on Powder Diffrac-
tion Standards (JCPDS) numbers of XRD peaks of
SnO, (tetragonal) and LaOCI (tetragonal) are 21-1250
and 08-0477, respectively.

XRD patterns of the Al/Sn/La,0O; nanostructure
showed diffraction peaks absorbed at 20 values in Fig. 2b.
The prominent peaks were used to calculate the nano-
crystalline size through the Scherrer equation. Since
the Scherrer equation is used for spherical crystallites,
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Fig. 3. The grain sizes of Al/Sn/La,0O3 nanostructures cal-
culated with X-powder software: (a) 7; = 200°C, (b) T, =
300°C, (c) T3 =400°C, and (d) 74 = 600°C.

we used the X-powder software. The crystalline phase
(tetragonal) of the highest peak (102) in XRD patterns
was used for measuring the crystalline sizes of the
samples. The crystalline sizes of Al/Sn/La,0; nano-
structures were shown in Fig. 3. These sizes were
about 13 to 35 nm.

The grains sizes changed with the temperature
changing. Mechanical strength was increased by reduc-
ing the grain size of Al/Sn/La,0; nanostructures [21].
The relation between yield and grains size is described
mathematically by the Hall—Petch equation [21]

c, :GO+T;).

Here, o, is the yield stress, 0, is a material’s con-
stant for the starting stress for dislocation movement
(or the resistance of the lattice to dislocation motion),
k, is the strengthening coefficient (unique to each
material), and D is the average grains’ diameter.

Reduction of the grain sizes, the yield strength, and
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Fig. 4. Comparison of FTIR spectra of Al/Sn/La,0;
nanostructure at different calcination temperatures.

yield stress of the Al/Sn/La,0;/Si nanostructure
decrease and so more mechanical stable structure of
samples can be produced, which can prevent light
atom penetration and leakage current. Al/Sn/La,0;
nanostructure at 77, = 200°C had almost amorphous
structure with grain size of ~13 nm that it was calcu-

lated by X-powder software or Scherrer correction (see
Fig. 3).

The FTIR technique was used for characterizing
the purity and quality of conjunctions. The FTIR
spectra is shown in Fig. 4. Absorption characteristic
bands of Al/Sn/La,O; nanostructures are given in
Table 2. The NH, and CO, absorption peaks reduce
with increasing temperature in the sample. The junc-
tions of dipoles, such as C=C and C=N at 1440 and
1600 cm~! wave numbers decreased with increasing
temperature (Fig. 4). Absorption of the samples at A =
600 cm™! decreased with increasing temperature, so
Al/Sn/La,0; nanostructure at 7}, = 200°C had stron-
ger metal-O junctions [22].

The surface morphology of the dielectric layer was
studied by the SEM technique. SEM images of
Al/Sn/La,0O; nanostructures are shown in Fig. 5.
These SEM images support the XRD analysis. The

Table 2. FTIR absorption characteristic bands of Al/Sn/La,0;
nanostructure [22]

Band assignation Wavenumber, cm™!
N—H in NH, group 3400
CO, 2400
Cc=C 1600
Stretching conjunction of C=N 1440
La-O 600
HIGH TEMPERATURE  Vol. 57 No. 6 2019
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Fig. 5. SEM images of Al/Sn/La,O5 nanostructures at different calcination temperatures: (a) 71, (b) 73, (c) T3, and (d) 7.

Fig. 6. AFM images of Al/Sn/La,05 nanostructure at dif-
ferent calcination temperatures: (a)—(d) see Fig. 5.

structure phases changes at higher temperatures.
These images show that almost uniform structure was
formed at 7, = 200°C because of its almost amor-
phous structure. In SEM images the average grains
size of these nanostructures were ~ 40 to 60 nm.
According to the SEM image of Al/Sn/La,0; nano-

HIGH TEMPERATURE Vol. 57

No.6 2019

structure, the surface of Al/Sn/La,0; nanostructure
at 7, = 200°C was formed more smooth than other sam-
ples. It was clear that the number of trapping of charge
carrier decreased in this sample, and we could result that
mobility [ of carriers increased at 7, = 200°C. In agree
with equation [23]

o =q(nu, +pu,),

where © is the conductivity (o = é), q is the electric

charge, L, and i, are electric mobility of positive and
negative electric charges. Conductivity increased with
increasing mobility of Al/Sn/La,0; nanostructure at
T, = 200°C. In addition, according to the relation
between dielectric constant € and ¢ [24]:

e(w) =1+ 30, (1)
w
dielectric constant will increase with increasing con-
ductivity. Here, w = 21V and v is frequency.
Moreover, statistical properties of a surface-like
surface roughness were described with AFM tech-
nique. The surface roughness was described with
topography spectra (Fig. 6) and DME software
images. The roughness causes light dispersion and
absorption. The surface roughness (Table 3) such as
the roughness average S,, the mean value S,, the
peak-valley height S, and the root mean square S, of
the Al/Sn/La,0; nanostructure were determined
using DME software.

DME software reaches different roughness
parameter (Table 3) at different temperatures. In this
paper, the Al/Sn/La,0; nanostructure at 7, = 200°C
showed much decrease in S, than others. According
to average roughness S,, uniform surface was
observed for Al/Sn/La,O; nanostructure at 7, =
200°C (S, = 19.2 nm). These measurements showed
that this sample had a flat and smooth surface mor-
phology. It made Al/Sn/La,0O; nanostructure at 7}
more stable to local shear than other samples. Lower
roughness and crack free of the Al/Sn/La,0; nano-
structure at 7; with almost amorphous structure
made it possible to have more mechanical stability.
The reason was that lower cracks could reduce the
leakage current and light atom penetration through
the gate materials in MOSFETs [25].
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Fig. 7. EDX of Al/Sn/La,05 nanostructures at different temperatures: (a)—(d) see Fig. 5.

EDX technique was used to make a quantitative
chemical analysis of the prepared composite. Figure 7
shows the EDX spectra of Al/Sn/La,0; nanostructure
at different temperatures. EDX spectra indicated that
all four samples were composited of La, Al, and Sn.
EDX spectra was taken from a point but not from an
area, so Si from the substrate isn’t in the spectrum.
The values of peaks in EDX spectra and chemical
composition of Al/Sn/La,0; are shown in Table 4.

Table 3. Roughness parameters of Al/Sn/La,O; nano-
structure at different calcination temperatures (image frac-
tion is 100%)

Sample no.| 7,°C | S, nm | .S, nm | S, fm | S, nm
1 200 19.2 23.5 —0.90 | 38.9
2 300 | 155 196 —12.0 | 380
3 400 20.5 25.9 —1.68 | 41.8
4 600 23.1 31.0 —4.38 | 915

Table 4. Elements composition obtained from EDX analysis

X-map images of Al/Sn/La,0; nanostructure at T,
are shown in Fig. 8. These images were used to show
distribution of elements, then confirmed by EDX
technique.

Capacitance—voltage curve (C—V) is affected with
capacitive response of interface traps and oxide
charges. Figure 9a shows C—V characteristics of
Al/Sn/La,0O; nanostructures at different tempera-
tures. The C—V curves were taken at 1 MHz for
Al/Sn/La,0,/Si MOS structures with 15.6-nm thick
Al/Sn/La,0; films (before calcination). The variation
of the capacitance C with gate voltage V; ranging from
—3.0 to 3.0 V. The maximum accumulation capaci-
tance of the Al/Sn/La,0; was ~2027 nF. The accumu-
lation capacitance C, of the as-deposited amorphous
Al/Sn/La,0O; film was higher than that for other
Al/Sn/La,0; films and the dielectric constant was ~32
for sample with almost amorphous structure (the sam-
ple at 7)). The capacitance of Al/Sn/La,0; nanostruc-

Elements Weight, % Atomic, % zZ Absorption Fluoroscence
T, =200°C
AlK 16.28 49.35 1.2457 0.4024 1.0010
SnL 13.29 9.16 0.9673 0.9464 1.0262
LaL 70.43 41.48 0.9307 0.9796 1.0000
T, = 300°C
Al K 6.07 24.23 1.2912 0.3812 1.0012
SnL 21.97 19.94 1.0022 0.9487 1.0249
LalL 71.97 55.83 0.9662 0.9618 1.0000
T5; =400°C
Al K 4.31 18.70 1.3080 0.3554 1.0009
SnL 4.80 4.73 1.0151 0.9361 1.0358
LaL 90.89 76.57 0.9796 0.9923 1.0000
T,=600°C
Al K 1.80 8.55 1.3221 0.3470 1.0009
SnL 3.84 4.16 0.0259 0.9343 1.0374
LaL 94.36 87.29 0.9906 0.9933 1.0000
HIGH TEMPERATURE  Vol. 57 No. 6 2019
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Fig. 8. Microstructure of Al/Sn/La,O3 calcined at 77:
(a) BSE image; map images elements: (b) La, (c) Sn,
(d) Al, and (e) Al/Sn/La.

tures decreased with increasing gate voltage (Fig. 9a).
The capacitance decreases to the superimposed volt-
age with increasing calcination temperatures, because
of high leakage current rate.

No. 6
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Fig. 9. (a) C—V curve of Al/Sn/La,03; nanostructures:
()—(4) T,—T,, (b) EOT (5) and Flatband voltage (6)
results at different calcination temperatures, and (c) varia-
tions of k at different frequencies for Al/Sn/La,03 nano-
structure at 77.

The equivalent oxide thickness (EOT) is an import-
ant parameter in MOSFETs. The EOT D, of the sam-
ples was calculated according to equation from [25]:

D — Dhigh—k

eq
bl

€.5i0, & nigh—k
where ¢, is dielectric constant. Figure 9b shows the
EOT and flatband voltage of Al/Sn/La,0; nanostruc-

tures calcined at different temperatures. The maxi-
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Fig. 10. (a) J—V characteristics of Al/Sn/La,0O3; nano-
structures at different calcination temperatures: (/)—(4)
T,—T,4 and (b) logarithmic current rate vs. 1000/7 under
negative bias: (/) 0.05V, (2) 0.1, (3) 0.15, and (4) 0.2.

mum values of EOT and k£ were ~1.5 nm and ~32 for
the sample at 7.

The dielectric constant of Al/Sn/La,0; nanostruc-
ture was investigated to see its response to an applied low
a.c. voltage in the frequency range from 100 to 1.0 MHz.
In Fig. 9c variations of k£ on frequency are shown. It can
be observed that dielectric constant decreases with
increasing frequency that could be confirmed with
Eq. (1). The highest value of k is ~32 at 100 Hz and
T, with relatively amorphous structure.

Figure 10a shows the current rate—voltage (J—V)
curves for Al/Sn/La,0O; nanostructure at different cal-
cination temperatures for positive bias voltage from 0
to 4.0 V. The curves were obtained in the temperature
range from 335 to 420 K. Leakage current rates were
below 102 A/cm? for all samples. The leakage current

NAKHAEI et al.

increased with increasing calcination temperatures
because of more crystalline structure. From Fig. 10a it
is evident that Al/Sn/La,0; nanostructure at 7; has
lower leakage current rates (~8 x 107® A/cm?) than
other samples because of almost amorphous structure.
Mathematically, the expression for current rate accord-
ing to Poole—Frenkel model [22] can be written as

1/2
J= AT exp_L (57.7ev) o, |,
kT |\ Kd

where d is electrode spacing in A, o, is the depth of the
trap potential well and A is the Richardson constant
having a value of 120 A/cm?K?, kg is the Boltzmann
constant.

The plot of log(J) versus 1000/ T at applied voltage
}'< 0.2 Vand in the temperature range of 335 K < 7'<
420 K for sample 1 was shown in Fig. 10b. To study the
conduction mechanism at lower electric field and
higher temperature, ohmic emission was considered
because of a strong dependence on applied tempera-
ture and electric field. Current rate equation for ohmic
conduction could be written as follows [26]:

J = gN pBexp| “ALze
= exp| ——— |.
qiv M ke, T

Here, g is the electron charge and u is the electron
mobility in insulator, AE,_ is the electron activation

energy that can be obtained from the curve fitting
value of log(J) versus 1000/ 7 plot in Fig. 10b, and

3
. 3
N, = 2(27t7r;12kBT)2

is the effective density of states in the conduction
band [27], m* is electron effective mass, which can be
assumed as m* = 0.3m,, m, is free electron mass. Fol-

lowing equation presents the hopping electron con-
centration [28]

n= N_exp (_AE“).
kgT
According to Table 5, with increasing electric field,

the activation energy decreases and the hopping elec-
tron concentration increases.

As was clear, the electron mobility with increasing
electric field decreases that could be due to an increase
in density of electron cloud overlap. Whatever the

Table 5. Parameters of the ohmic conduction were calculated with varied voltages for the sample no. 1 (7] =200°C) at 335 K

Applied Hopping electron Intercept,
E, MV, — 2| AE,., eV —12 o2
voltage, V ’ /em | Slope, (A — K)/cm ac concentration, 102 cm™3 A/cm2 u, 107 em”/V's
0.05 0.03 —0.25 0.23 1.08 0.234 4.52
0.1 0.06 —0.17 0.19 1.82 0.194 2.34
0.15 0.09 —0.10 0.10 2.24 0.103 1.03
0.2 0.12 —0.05 0.04 3.00 0.046 0.226
HIGH TEMPERATURE Vol. 57 No. 6 2019
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overlapping of adjacent atoms is more, electrons can
easily move along the electric field.

Thus, the hopping electron concentration was
3.00 x 10%° cm3 at the electric field of 0.12 MV/cm
and temperature of 335 K. The very low carrier mobil-
ity and concentration resulted in the low conduction
current in Al/Sn/La,0; (as-prepared) thin film. All
the parameters at 335 K were calculated (Table 5).

CONCLUSIONS

In this research, the TGA analysis of Al/Sn/La,0;
nanostructure showed that loss of weight till 600°C
reaches 50.64% and the impurities became less with
increasing the temperature. In addition, TGA analysis
showed good thermal stability after 600°C. The XRD
analysis showed almost amorphous structure of
Al/Sn/La,0;that was calcined at 7; = 200°C with 13 nm
grain size. The effects of calcination on the surface
topography were investigated by AFM technique, and
it was found that the roughness values for the gate
dielectric materials were increased increasing tem-
perature. One reason for this is that calcination can
increase the density of Al/Sn/La,0; nanostructure.

It was found that with the calcination temperature
increasing the roughness of the gate dielectric
decreases. This reduces the grain boundaries in the
conduction channel for higher mobility of MOSFET
devices. C—V measurements taken at 1 MHz, showed
that the maximum capacitance of Al/Sn/La,0O; nano-
structure was at 7. The results of experiments (such as
J—V dependences) showed that the Al/Sn/La,0,
nanostructure at 7, = 200°C has lower leakage current
rate and higher capacitance than that of other samples
because of almost amorphous structure. The leakage
current rate was about 8 X 10~® A/cm?. The conduction
mechanism in the electrical field below 0.12 MV/cm
and in the temperature range of 335 K < 77< 420 K was
found to be ohmic emission. Very low carrier mobility
and concentration result in the low conduction cur-
rent in Al/Sn/La,0; (as-prepared) thin film. A model
of the thermally excited electron was proposed to
explain the mechanism of the ohmic conduction in
Al/Sn/La,0; (as-prepared) thin film. These proper-
ties can also prevent leakage current, tunneling current
and boron diffusion through the thin Al/Sn/La,0,
nanostructure. At last we can introduce Al/Sn/La,0;
nanostructure at 7, = 200°C as a good candidate for
gate dielectric for MOSFETs devices.
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