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A B S T R A C T   

This paper systematically investigates the electrical properties of thin Al2O3/SiO2 (with a target equivalent oxide 
thickness of 4.9 nm) as gate dielectric stack in the metal–oxide–semiconductor (MOS) capacitor. Different 
deposition techniques, i.e. thermal oxidation, thermal atomic layer deposition, and plasma-enhanced atomic 
layer deposition, are employed in the fabrication of MOS capacitors. The second derivative, Terman and 
conductance methods are used to extract the fixed oxide charges and interface trap densities in the MOS ca
pacitors. Our results demonstrate that the Al2O3/SiO2 stack presents better performance in terms of negative 
fixed oxide charges and low interface trap density compared with the single-layer SiO2 with the similar equiv
alent oxide thickness about 3.9 nm. Furthermore, to evaluate the reliability of the Al2O3/SiO2 gate dielectric 
stack, the leakage current is analyzed. Contributions from Pool-Frenkel emission, trap-assisted tunneling, and 
Fowler-Nordheim mechanisms to the leakage current are detailed. Our results indicate that Al2O3/SiO2 gate 
dielectric stacks fabricated by plasma-enhanced atomic layer deposition Al2O3 and thermal SiO2 feature the 
lowest leakage current.   

1. Introduction 

The semiconductor industry targets of high performance, high speed, 
low power consumption and high density of transistors on a wafer have 
been achieved by reducing the di-mensions of the metal-oxide- 
semiconductor field-effect transistor (MOSFET). This leads to replac
ing the silicon dioxide SiO2 gate dielectric by high-k dielectric, consid
ering Al2O3, ZrO2 and eventually HfO2 as the industrial reference. 
Suitable gate dielectric material properties must include, concurrently, 
(i) a high relative dielectric constant (k) for high field-effect gate control 
with the same electrical thickness, (ii) a large energy bandgap for 
minimizing the gate leakage current, (iii) a low interface trap density 
(Dit) for preventing Fermi level pinning and charge carrier mobility 
degradation, and (iv) a thermo-dynamic stability close to silicon for 
reliable transistor fabrica-tion. Moreover, according to the requirement 
of sustainable development, we should avoid to use scarce metals for 

high-k oxides. Hf-based gate oxides have become the standard for CMOS 
nodes below the 45 nm, i.e. for equivalent oxide thick-nesses (EOT) 
ranging from 1.2 to 4.5 nm [1]. Aluminum oxide (Al2O3) has been 
considered in the past for its high k value, but too high Dit and interface 
charge scattering, thereby decreasing the channel mobility of transistors 
have been reported. 

Kessel et al. [2] believed that this issue was related to an interfacial 
SiO2-like layer SiOx (~1–2 nm) existing between 1Al2O3 and Si. The 
reduction of Dit can be achieved by inserting a thermally-grown high- 
quality SiO2 film between Al2O3 and Si [1] to form a gate dielectric 
stack. Recently, high negative fixed oxide charges (Qf), sufficiently low 
Dit and sustainable material usage have been investigated in Atomic- 
layer-deposited (ALD) Al2O3 layers for solar cells [3]. Therefore, the 
questions are: “Could these features be of interest and application for 
CMOS at the 65 nm node and beyond?” and “Could thicker high- k gate 
oxides be used in advanced nodes for special analog or I/O (input/ 
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output) functions?” Negative Qf indeed results in a shift of threshold 
voltage (Vth) towards more positive values in nMOS devices. This could 
be exploited to decrease the doping concentration in the channel for 
compensating Vth change, simultaneously increasing channel mobility 
[4] and potentially decreasing variability. 

In this article, we fabricate and characterize MOS capacitors based 
on Al2O3/SiO2 gate dielectric stacks with a target equivalent oxide 
thickness (EOT) of 4.9 nm. In Section II, the device fabrication and 
electrical characterization techniques are introduced. Section III details 
different extraction methodologies (including an equivalent circuit 
model) of Qf, flatband voltage (Vfb), and Dit. In Section IV, leakage 
currents and tunneling mechanisms through the different gate dielectric 
stacks are investigated. Finally, conclusions are drawn from the analysis 
of gate-dielectric-stack MOS capacitors in Section V. 

2. Fabrication and characterization techniques 

2.1. Sample fabrication 

Before describing the fabrication of MOS capacitors, we define the 
EOT of the gate dielectric stack according to the combined capacitance 
of two dielectrics in series: 

tEOT = tSiO2 +
(
kSiO2

/
kAl2O3

)
tAl2O3 (1)  

where tSiO2 and tAl2O3are the thicknesses of interfacial layer SiO2 and 
Al2O3, respectively, with relative dielectric constant kSiO2 = 3.9 and 
kAl2O3 = 9. 

In this work, we prepare four kinds of gate dielectric stacks. Prior the 
gate stack formation, 3-in. Si substrates (〈100〉, p-type, 10 Ω⋅cm, single- 
side polished) were cleaned by Piranha solution (3:1: H2SO4:H2O2 for a 
duration of 20 min at 110 ◦C). After the Piranha cleaning, all the wafers 
were dipped in dilute HF solution (1:50: HF:Deionized water) to remove 
the native oxide. Then the substrates were immediately put into a Fiji 
F200 ALD machine or Koyo Thermal system for, respectively, depositing 
Al2O3 or oxidizing Si to thermal SiO2. 

Table 1 gives an overview of the different gate stacks studied in this 
work. Sample 1, 3.9-nm-thick thermal SiO2 grown on Si substrate at 
900 ◦C in an ultra-dry oxygen atmosphere for 30 min, is used as a 
reference sample. For samples 2 and 3, the same fabrication process was 
used to grow 2-nm-thick thermal SiO2 by reducing growth time. 
Otherwise, for samples 4 and 5, 2-nm-thick SiO2 was deposited by 
plasma enhanced atomic layer deposition (PE-ALD), using tris(dime
thylamino) silane and O2 radical as, respectively, Si and O sources at 
250 ◦C. In Table 1, 3.5-nm-thick Al2O3 layers were deposited by thermal 
atomic layer deposition (T-ALD) or PE-ALD at 200 ◦C, respect-tively. In 
both cases, trimethylaluminum precursor (TMA) from Sigma-Aldrich 
was used as aluminum source. Deionized water pulses and oxygen 
flows were used for T-ALD and PE-ALD, respectively. In T-ALD, TMA and 

H2O pulses duration was 0.06 s and purge time was 10 s. In PE-ALD, 
TMA pulse duration and purge time of, respectively, 0.06 and 10 s 
were used. The pulse duration and purge time of the O2 plasma were 20 s 
and 5 s, respectively. An O2 flow of 30 sccm and a plasma power of 300 
W were used. The growth rate of Al2O3 was 1 Å per cycle for both PE- 
ALD and T-ALD. After deposition, the thicknesses were mapped by 
ellipsometry over the wafer. 

In order to measure MOS capacitor characteristics (C–V, G-V, and I- 
V) with Mercury Probe Station, a 300-nm-thick Al layer was deposited 
on the backside of the Si wafer using E-gun evaporation. Before the 
evaporation, the backside of the Si wafers was dipped in BHF to remove 
the native oxide for ensuring an ohmic contact. Finally, all the samples 
were annealed in forming gas (N2: H2 = 9: 1) at 432 ◦C for 30 min. 

2.2. C–V, G-V and I-V techniques 

Capacitance-voltage (C–V) and conductance-voltage (G-V) mea
surements were performed using Mercury Probe Station and HP 4284A 
LCR meter at different frequencies from 1 kHz to 1 MHz. The use of 
mercury probe allows to avoid the deposition of metal electrodes on top 
of the stacks, which simplifies the fabrication process of the MOS ca
pacitors. In order to obtain accurate and reliable measurement results, 
the following factors are important: (i) before starting C–V measure
ments, the electrical equilibrium and the initial state of the device must 
be ensured. For this purpose, we used sufficient hold time (5 s) and delay 
time (2 s) for each sweep step and each bias point, respectively; (ii) the 
series resistances coming from the substrate and dielectric leakage in the 
C-G equivalent circuit must be de-embedded; (iii) the parasitic capaci
tance coming from interconnect cables of instruments must be with
drawn. Tunneling current-voltage (I-V) measurements were carried out 
by B1500 Semiconductor Device Analyzer. All the measurements were 
carried out at room temperature. 

In this work, Terman [5] and Conductance [6] methods are used and 
compared to extract Dit at the gate dielectric/Si interface. Conductance 
method was shown to yield more accurate and reliable results, partic
ularly when the Dit is low. Applying both methods makes the analysis 
more robust. 

3. Results and discussion 

3.1. Series resistance extraction 

Fig. 1 shows an example of C–V curves measured on MOS capacitors 
at various frequencies. A large dispersion in strong accumulation region 

Table 1 
Targeted and measured thickness of samples (Targeted EOT = 3.9 nm).  

Sample 
number 

Dielectric stack Targeted 
thickness 
(nm) 

Measured 
thickness 
(nm)* 

Calculated 
EOT (nm)** 

1 Thermal SiO2 3.9 3.9 ± 0.1 3.9 
2 PE-ALD Al2O3/ 

thermal SiO2 

3.5/2 2.8 ± 0.1/2.5 4.9 

3 T-ALD Al2O3/ 
thermal SiO2 

3.5/2 3.2 ± 0.2/2.5 5.0 

4 PE-ALD Al2O3/ 
PE-ALD SiO2 

3.5/2 3.7 ± 0.2/2.5 5.8 

5 T-ALD Al2O3/ 
PE-ALD SiO2 

3.5/2 3.5 ± 0.2/2.5 5.6  

* Measured thickness in nm is the average value of 16 points on one sample. 
** Calculated EOT is calculated with the measured thickness of each layer and 

theoretical permittivity. 

Fig. 1. Measured capacitance (lines) versus gate voltage at different fre- 
quencies for sample 2, showing frequency dependence in accumulation. Cor
rected curves (symbols) after removing effect of series resistance Rs. 
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is observed due to the large existing series resistance (Rs) originating 
from the Si substrate. Therefore, to correctly interpret the data, Rs needs 
to be de-embedded from the measurement data. This requires a small- 
signal equivalent circuit modeling of the MOS capacitor. 

The cross-section of a MOS capacitor with the Al2O3/SiO2 gate stack 
is illustrated in Fig. 2. In order to model the MOS capacitor with multi- 
layer gate dielectric stack, CAl2O3 is defined as the capacitance of Al2O3, 
Cil and Gil are the capacitance and conductance of interfacial layer (IL) 
SiO2, Cox is the total capacitance of the Al2O3/SiO2 dielectric stack, Cd 
and Git are the capacitance of depletion layer and the conductance of 
interface traps between gate dielectric stack and Si substrate, and Rs is 
the total series resistance. Hg probe acts as the top electrode. 

Fig. 3a depicts the equivalent circuit of a MOS capacitor with the 
Al2O3/SiO2 gate stack. As shown in Fig. 3b, for simplification purposes, 
GAl2O3 and CAl2O3 elements are replaced by Cr1 and Rr1 in series, Gil and 
Cil elements are replaced by Cr2 and Rr2 in series as given by: 

Cr1 =
GAl2O3

2 + ω2CAl2O3
2

ω2CAl2O3
and Gr1 =

GAl2O3

GAl2O3
2 + ω2CAl2O3

2 (2)  

Cr2 =
Gil

2 + ω2Cil
2

ω2Cil
and Gr2 =

1
Rr2

=
Gil

Gil
2 + ω2Cil

2 (3) 

Where ω = 2πf. The total impedance of the simplified circuit in 
Fig. 3b is: 

Zm =
1

Gm + jωCm
(4) 

Here Gm and Cm denote, respectively, the conductance and capaci
tance values measured in the experiments. In strong accumulation re
gion, Cd and Git can be neglected and the equivalent circuit in Fig. 3b is 
further simplified to that in Fig. 3c, in which Rs' is the total series 
resistance: 

Rs ' = Rs +Rr (5)  

where Rr = Rr1 + Rr2. In this case, the measured accumulation imped
ance Zma can be expressed as: 

Zma =
1

Gma + jωCma
(6)  

or 

Zma = R′

s − j
Cr1 + Cr2

ωCr1Cr2
(7)  

where Cma and Gma are the measured accumulation capacitance and 
conductance, respectively. Comparing the real and imaginary parts of 
Eqs. (6) and (7), we obtain: 

R′

s =
Gma

G2
ma + ω2C2

ma
(8)  

Cr2 =
− Cr1

(
G2

ma + ω2C2
ma

)

ω2
(
C2

ma − CmaGma
)
+ G2

ma
(9)  

Zc =
1

Gc + jωCc
= Zm − Zs (10)  

Zs = Rs '+
1

jωCr2
(11) 

Finally, Cc and Gc are the corrected capacitance and conductance of 
the Al2O3/SiO2 dielectric stack after removing Rs, respectively. The total 
stack capacitance Cox is obtained from the plateau of Cc in strong 
accumulation. By substituting Eqs. (4) and (11) into Eq. (10), we obtain 

Fig. 2. Cross-section of a MOS capacitor with the Al2O3/SiO2 stack.  

Fig. 3. (a) Equivalent circuit of a MOS capacitor with Al2O3/SiO2 gate stack. (b) Simplified circuit of (a). (c) Simplified circuit in strong accumulation regime.  

Fig. 4. Normalized corrected Cc-V characteristics for different dielectric stacks 
at 1 kHz after removing series resistance. 
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the corrected Cc and Gc without frequency dispersion [7]: 

Cc =

(
ω2CmCr2 − G2

m − ω2C2
m

)(
G2

m + ω2C2
m

)
Cr2

(
ω2C2

r2
)[

Gm
(
1 − R′

sGm
)
− ω2R′

sC2
m

]2
+
(
G2

m + ω2C2
m − ω2CmCr2

)2

(12)  

Gc =

[
Gm

(
1 − R′

sGm
)
− ω2R′

sC2
m

](
G2

m + ω2C2
m

)(
w2C2

r2

)

(
ω2C2

r2
)[

Gm
(
1 − R′

sGm
)
− ω2R′

sC2
m

]2
+
(
G2

m + ω2C2
m − ω2CmCr2

)2

(13) 

Using Eq. (12), the corrected Cc values are obtained and represented 
in Fig. 1. One can see that after the elimination of Rs, no frequency 
dispersion is observed. 

3.2. Fixed oxide charge density (Qf) and interface trap density (Dit) 
extraction methodology 

Fig. 4 shows the corrected Cc-V curves for different dielectric stacks 
measured at 1 kHz. From the Cc-V curves, the density of Qf can be 
calculated as follows: 

Qf =

(
ϕMS − Vfb

)
Cox

q
(14)  

where ϕMS is the work function difference between mercury and silicon 
(− 0.435 V). Cox is a total gate dielectric capacitance including Al2O3 

and SiO2, Vfb is the flatband voltage and q is the electron charge (1.6 
×10− 19 C). For instance, for sample 2, Cox = 7.0 × 10− 7 A/cm2, Vfb = +

0.61 V, calculated by the second derivative technique [8]. Therefore, we 
obtain a negative oxide charge (Qf = − 4.57 ×1012 cm− 2). Table 2 
summarizes the related values extracted for the four gate stacks and the 
reference thermal oxide sample (sample 1). 

Fig. 5 shows the corrected Cc-V characteristics after subtracting Vfb at 
1 MHz for samples 2 and 4. The ideal C–V curve simulated by Silvaco 
software (with zero Vfb and Dit) is also shown. A stretch-out in the 
depletion region is observed. This is due to the fact that carriers captured 
and emitted in the interface traps follow slowly varying DC voltage, 
rather than high frequency excitation. Based on Terman method [5], Dit 
are extracted to be 5.60 × 1010 cm− 2 eV− 1 and 2.82 × 1011 cm− 2 eV− 1 

by comparing the measured and simulated C–V curves for samples 2 
and 4. The small and large stretch-outs imply the lowest and high Dit of 
samples 2 and 4, respectively. 

The conductance method aims at probing the variation of occupancy 
of interface trap levels located in the Si bandgap around the Fermi level, 
following the variation of gate voltage. 

The capture and emission of majority carriers by interface traps 
cause an energy loss mechanism observed at all the frequencies except at 
the lowest frequencies (no energy loss occurs) and at the highest fre
quencies (no interface traps response occurs). 

This energy loss is measured as an equivalent parallel conductance 
Gp (in our work) as a function of frequency. Gp can be extracted from Gc 
and calculated below [9]: 

Gp

ω =
ωC2

oxGc

G2
c + ω2(Cox − Cc)

2 (15) 

Table 2 
Summary of the extracted values including flatband voltages (Vfb), fixed oxide charges (Qf), interface trap density (Dit), and leakage current (Jleak).

Sample 
number 

Dielectric stack Calculated EOT 
(nm) 

Gate stack Cox 

(F/cm2) 
Vfb 

(V) 
Dit (cm− 2 eV− 1) 
(Terman method) 

Dit (cm− 2 eV− 1) 
(Conductance method) 

Qf (cm− 2) Jleak (A/ 
cm2@1 V) 

1 Thermal SiO2 3.9 1.0 × 10− 6 - 0.72 2.31 × 1010 2.00 × 1010 + 1.89 ×
1012 

5.56 × 10− 8 

2 PE-ALD Al2O3/ 
thermal SiO2 

4.9 7.0 × 10− 7 +

0.61 
5.60 × 1010 5.20 × 1010 - 4.57 ×

1012 
5.06 × 10− 9 

3 T-ALD Al2O3/ 
thermal SiO2 

5.0 6.9 × 10− 7 +

0.69 
6.86 × 1010 6.21 × 1010 - 4.92 ×

1012 
6.87 × 10− 9 

4 PE-ALD Al2O3/PE- 
ALD SiO2 

5.8 6.0 × 10− 7 - 0.06 2.82 × 1011 2.61 × 1011 - 1.45 ×
1012 

1.52 × 10− 7 

5 T-ALD Al2O3/PE- 
ALD SiO2 

5.6 6.2 × 10− 7 +

0.31 
1.95 × 1011 1.88 × 1011 - 2.79 ×

1012 
6.24 × 10− 8  

Fig. 5. Corrected (red and orange) and simulated (blue) Cc-V charac-teristics 
after subtracting Vfb at 1 MHz for samples 2 and 4, in which the inset shows 
the stretch-out in depletion region due to the existing of Dit. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 6. Corrected Gc-V characteristics for sample 2 at different fre-quencies, in 
which Dit can be extracted by using the conduction method. 
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An approximate expression giving the interface trap density in terms 
of the measured maximum conductance is [5,9]. 

Dit ≈
2.5
qA

(
Gp

ω

)

max
(16)  

where ω = 2πf, q = 1.6 × 10− 19C and the mercury probe contact area A 
= 0.0065 cm2. Fig. 6 represents corrected Gc/ω as a function of gate 
voltage using conductance method for sample 2 measured at different 
frequencies. According to the highest peak of Gp/ω as a function of ω, we 
can calculate Dit by Eq. (16). Dit being equal to 5.2 × 1010 cm− 2 eV− 1 

indicates a low interface trap density (Cit = qDit << Cox) [10]. For other 
samples, values are reported in Table 2. It is worth pointing out that the 
values extracted by conductance method agree well with the values 
extracted by Terman method. 

3.3. Leakage current characteristics 

Fig. 7 presents the leakage current density (Jleak) through the gate 
stack as a function of gate voltage for the different dielectric stacks and 
single-layer SiO2 counterpart dielectric, measured at room temperature. 
It can be seen that Jleak of the dielectric stacks is several orders of 
magnitude lower than that through the single-layer SiO2 dielectric with 
similar EOT. Particularly, the PE-ALD Al2O3/thermal SiO2 stack (sample 
2) has the lowest leakage current. As shown in the figure, Jleak is not 
symmetric for positive and negative Vg. This phenomenon is caused by 
different transport mechanisms for the type and number of carriers. The 
leakage current through the dielectrics may be caused by different 
mechanisms [11]. Table 3 lists the main mechanisms in our case, namely 
Poole-Frenkel (PF) emission, trap-assisted tunneling (TAT), and Fowler- 
Nordheim tunneling (FN). In Table 3, J is the current density, Eox is the 

electric field calculated as follows: 

Eox =
Vg − Vfb

tSiO2

(
ϵSiO2 tAl2O3

ϵAl2O3 tSiO2

+ 1
)− 1

(17) 

β is the Poole-Frenkel constant (β/kT = 0.01486), APF is a propor
tionality constant varying from 1.3× 10− 13 to 4 × 10− 13 [12], ATAT is a 
technology constant from 1× 10− 6 to 1× 10− 5 in agreement with 
experiment data. mox is the electron effective mass in Al2O3 0.28m0 [13], 
qϕT is the energy position of the electron traps with respect to the 
conduction band edge of the dielectric in the range of 1.2–3 eV, ϕB is the 
barrier height from 3.85 to 4.6 eV between the dielectric and silicon 
[14], k is Boltzmann's constant, T is the absolute temperature, and, 
finally, h is the Planck's constant. 

Fig. 8 shows different current components (as a function of Eox and 
Vg) contributing to the total leakage current Jleak for the MOS capacitors 
of samples 1, 2, and 4. As shown in Fig. 7, the curves of samples 2 and 3 
show similar trends whereas samples 4 and 5 behave differently. To 
make the plot clear, we do not plot the current of samples 3 and 5 here. 
The leakage mechanisms in different regions are analyzed hereafter. 

Region I (Fowler-Nordheim tunneling): the leakage is observed to in
crease rapidly with increased bias. It is suggested that FN tunneling is 
prominent in the higher voltage range of − 2 V < Vg < − 1.4 V for 
samples 2, 3, 4, and 5. Sample 1 featured very high currents already at 
− 0.7 V so that compliance was triggered and we could not analyze this 
sample at very negative biases. FN mechanism is a one-step process: 
when a higher negative voltage is applied to the metal with respect to 
the substrate, electrons directly tunnel from the interface of metal and 
dielectric into the conduction band of silicon, through an approximately 
triangular potential barrier. 

Region II (Trap-assisted tunneling): TAT current dominates the 
measured data in the range of − 0.7 to 0.7 V for all samples. Instead of 
one-step FN tunneling through the potential barrier directly, the elec
tron transport process of TAT tunneling considers that electrons first 
tunnel into the traps in the dielectric from silicon or metal, and subse
quently tunnel into metal or silicon under a low bias. The presence of 
traps inside the dielectric splits the energy barrier in several parts, thus 
allowing the consecutive tunneling through thinner energy barriers, 
thereby increasing the tunneling probability. 

Region III (Poole-Frenkel emission): The PF current yields a fair 
agreement with the measurement data for the region of Vg = 0.7–1.4 V. 
It is shown that leakage mechanism follows PF emission in this region for 

Fig. 7. Leakage current density vs gate voltage for four dielectric stacks and a 
single-layer SiO2 dielectric (sample 1) with the similar EOT. 

Table 3 
Summary of leakage mechanisms.  

Mechanism Expression E-field 
dependence 

Poole-Frenkel [10,12,15] 
J = APFEoxexp

[

−
qϕT − β

̅̅̅̅̅̅̅
Eox

√

2kT

]

ln (
J
E
) ∝ E1/2  

Trap-assisted tunneling 
[12] J = ATATexp

[

−
8π

̅̅̅̅̅̅̅̅̅̅̅̅̅
2qmox

√

3hEox
ϕ3/2

T

]
ln (J) ∝ E− 1 

Fowler-Nordheim [16] 
J =

q3

8πhϕB
E2

oxexp
(

−

8
̅̅̅̅̅̅̅̅̅̅̅
2mox

√

3hqEox
ϕ3/2

B

)

ln (
J
E2) ∝ E− 1   

Fig. 8. Different components of the total leakage current (lines for meas- 
urements and symbols for FN, TAT and PF models) as a function of Eox (bot
tom axis) and Vg (top axis) for samples 1, 2 and 4. Samples 3 and 5 are not 
plotted as they show similar trends to samples 2 and 4, resp. 
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all samples. Therefore, the PF transport process considers that electrons 
are emitted from traps into the conduction band of dielectric stack by PF 
mechanism and flow from the dielectric across the metal-dielectric 
interface into the metal with a higher bias than TAT. 

The three leakage currents appear in all Al2O3/SiO2 stacks. The re
sults indicate that the Al2O3/SiO2 stacks are less leaky than the single- 
layer SiO2 and that the deposition conditions of the thin Al2O3/SiO2 
stacks are important. As long as the deposition process is well optimized, 
the Al2O3/SiO2 stack could be a good candidate to replace SiO2 in CMOS 
applications beyond 65 nm node. 

3.4. Comparison and discussion 

Table 2 summarizes the Vfb, Qf, Dit and Jleak for the four Al2O3/SiO2 
samples and SiO2 reference sample. The PE-ALD Al2O3/thermal SiO2 
and T-ALD Al2O3/thermal SiO2 samples show higher negative fixed 
oxide charge density, compared with the PE-ALD Al2O3/PE-ALD SiO2 
and T-ALD Al2O3/PE-ALD SiO2 samples. The high negative Qf would 
cause a positive shift of the Vth in a n-MOSFET as following [17]: 

Vth = ϕms − Qf
/

Cox +Vit + 2ϕF +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4qϵsiNaϕF

√

Cox
(21) 

Vth can then be tuned to its desired (or target) value by changing the 
channel doping concentration (Na). When Qf is negative, Vth increases. 
Lowering Na can compensate for the increase of Vth. Simultaneously, low 
Na is beneficial for the enhancement of the electron mobility [18] and 
reduction of the variability. 

Next to that, we can see that the Dit values calculated by Terman and 
Conductance methods are rather similar. This confirms the reliability of 
our extracted results. Moreover, the Dit values in the PE-ALD Al2O3/ 
thermal SiO2 and T-ALD Al2O3/thermal SiO2 samples are 2 to 3 times 
lower than in the PE-ALD Al2O3/PE-ALD SiO2 and T-ALD Al2O3/PE-ALD 
SiO2 samples. This indicates that the thermal SiO2 is required as the 
interfacial layer for improving the interface quality of the gate stack. The 
reason may be due to the fact that plasma slightly damages the silicon 
surface, which creates more interface traps. It was reported [1] that the 
Dit ideal value is ~1010 cm− 2 eV− 1 for advanced MOSFETs, but a value 
of (~1011 cm− 2 eV− 1) giving the interface trap capacitance Cit (= qDit) 
to be much lower than Cox is acceptable for thin oxides. In our case, the 
Cit of all dielectric stacks is one to two orders of magnitudes lower than 
Cox. When the Dit value becomes much larger than this value, the sub
threshold slope and the mobility of the channel carriers degrade. In this 
case, the high-k dielectric materials will lose their benefits. 

The ALD Al2O3/thermal SiO2 samples present low leakage current of 
5–7 × 10− 9 A/cm2 (at Vg = 1 V), about an order of magnitude lower than 
the SiO2 reference sample, while the PE-ALD SiO2 samples lie above the 
ALD Al2O3/thermal SiO2 ones (but still lower than reference SiO2). This 
correlates with our conclusion on the best stack from the interface 
quality point of view and appears related to the interface traps that play 
a crucial role in the leakage current (PF and TAT) of the stacks. The 
improvement of the leakage current can then be achieved by proper 
choice of deposition methods or post annealing of the dielectric stack to 
reduce the interface trap density [19]. 

According to the literature survey, we summarize in Table 4, the 
published important parameters of conventional SiO2 layer and high-k 
dielectric stacks we could find with an EOT close to 3 nm. To ease the 

comparison, our best sample is also cited in the table. Among all the 
stacks in the table, our stack (PE-ALD Al2O3/thermal SiO2) presents the 
lowest Dit, highest negative Qf and lowest leakage current density at 1 V. 

Low Dit value does not only decrease the trap-assisted tunneling 
current but also prevents from the degradation of the carrier mobility 
and subthreshold slope as well as reliability issues in MOSFETs. A high 
negative Qf value allows a lower doping concentration of channel to 
increase the carrier mobility and reduce variability at constant Vth. The 
low Jleak assures a good insulator property and lower power consump
tion. Although the dielectric constant of Al2O3 is lower than HfO2 and 
ZrO2 and similar to SiOxNy, the stack of PE-ALD Al2O3/thermal SiO2 
shows overall better dielectric properties than the other stacks for our 
targeted thickness. Our result reveals that the ultra-thin, high-quality 
SiO2 interfacial layer plays a crucial role in the Al2O3/SiO2 stack. 
Therefore, Al2O3 could be a trade-off between SiO2 and the high-k 
dielectric materials with re-lative dielectric constants larger than 10 
(larger band gap) [18]. 

4. Conclusion 

In this paper, we systematically investigate four kinds of thin Al2O3/ 
SiO2 MOS capacitors with an equivalent oxide thickness (EOT) of ~4.9 
nm, prepared by different processes. Compared with the conventional 
SiO2 MOS counterpart, Al2O3/SiO2 MOS capacitors show better dielec
tric performance. It has the lowest interface trap density (Dit = 5.20 ×
1010 cm− 2 eV− 1) and the lowest leakage current density (Jleak = 5.06 ×
10− 9 A/cm2). Its fixed oxide charges (Qf), approximately ~1012 cm− 2, is 
on the same level as Qf in SiO2 but negative. Although popular di
electrics cited in Table 4 (such as HfO2 and ZrO2) have higher dielectric 
constant k than Al2O3, the Al2O3/SiO2 stack exhibits lower Dit, reason
able Qf, and particularly, several orders of magnitude lower Jleak. Our 
results indicate that the Al2O3/SiO2 stack could be a good candidate to 
replace the conventional SiO2 in CMOS technology node 65 nm and 
beyond. Its more negative Qf would allow to keep fixed threshold 
voltage while lowering the channel doping and hence improving 
mobility and variability. Moreover, Al2O3 does not belong to rare-earth 
metal oxides, which is suitable for sustainable development goals. 
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