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Current conduction mechanisms of atomic-layer deposited Al2O3 (13 nm) stacked on
different thermal nitrided SiO2 thicknesses (2, 4, and 6 nm) on n-type 4H-SiC have been
systematically analyzed. It has been observed that the oxides were thermally stable

at the investigated temperature range (25–140◦C). By using different conduction pro-
cess models, such as Schottky emission, direct tunneling, Fowler–Nordheim tunneling,
Poole–Frenkel emission, and space-charge limited conduction, which consists of three
limited conduction processes, namely, Ohm’s law, Child’s law, and trap-filled limit, the
conduction mechanisms of charge through the oxides have been evaluated. It has been
found that the conduction mechanisms were not affected by the investigated tempera-
ture range. A relationship plot has been proposed among nitrided SiO2 thickness, electric
field, and conduction mechanisms.

Keywords: Fowler–Nordheim tunneling; Poole–Frenkel emission; Ohm’s law; Electric
breakdown field.
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1. Introduction

The superb electrical, physical, and chemical properties of silicon carbide (SiC) have

promoted it to be used as the substrate for high power metal-oxide-semiconductor

(MOS) based devices.1 Typically, thermal nitrided SiO2 has been employed as the

gate oxide of the device owing to its low SiC–SiO2 interface and near interface trap

density, high reliability, and good thermal stability.2–7 Due to its relatively low

dielectric constant value (k = 3.9) compared to SiC (kSiC = 9.7), approximately

2.5 times higher vertical electric field (E) is being imposed on the oxide compared

to the substrate. Hence, the oxide may be pre-maturely broken down. In order to

resolve this issue, high-k gate oxides have been extensively studied. This is because

E is scaled by a factor of kSiC/k, as a result, smaller vertical electric field strength

can be imposed onto the oxide.1

Of numerous high-k materials,8–14 Al2O3 has been investigated due to its high-k

value (k = 8.3), good thermal stability, and compatibility to SiC. These properties

may change according to the oxide deposition techniques.9,13,14 Recently, positive

results have been demonstrated by atomic-layer deposited Al2O3 on 6H and 4H-

SiC, but its leakage current is still considered high.12 This is attributed to the low

conduction band offset between the oxide and semiconductor (∆EC = 1.5 eV).14

In order to increase the band offset, a thin buffer layer of nitrided SiO2 has been

sandwiched in between Al2O3 and SiC.9,12,14 With this structure, a significant im-

provement in leakage current and oxide breakdown field (EBD) of the MOS structure

has been reported. These improvements are attributed to the way current conducts

through the oxide. The current-conduction mechanisms of Al2O3/4H-SiC system

have been reported recently, but the mechanisms of Al2O3/SiO2/4H-SiC stacking

structure have yet to be reported.9 Therefore, it is the aim of this letter to re-

port the current-conduction mechanisms of atomic-layer deposited Al2O3 (13 nm)

stacked on various thickness of thermally nitrided SiO2 (2, 4, and 6 nm) based on

n-type 4H-SiC.

2. Experimental Method

Pre-cleaned n-type 4H-SiC wafers and 8◦ off (0001) oriented with 10-µm thick

epilayer doped with (1 − 4) × 1016 cm−3 of nitrogen were used to fabricate the

MOS-capacitor test structures. Thermal-nitrided SiO2 was grown on SiC in 10%

N2O–90% N2 ambient at 1175◦C for a certain period so that a 2-, 4-, and 6-nm thick

oxide is achieved. After the oxide growth, the samples were cooled down to 800◦C in

high-purity N2 gas flow. Then, they were transferred to an atomic-layer-deposition

system whereby a 13-nm thick Al2O3 was simultaneously deposited onto the sam-

ples. The atomic-layer-deposition procedure has been described elsewhere.15 After

that, a layer of nickel was sputtered on the oxides to form gate electrodes. The

subsequent MOS-capacitor fabrication process has been described elsewhere.4 A

Semiconductor Parameter Analyzer (HP-4156) was used to measure leakage current

of the MOS capacitor with an area, A, of 1.30× 10−3 cm2 at various temperatures
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(25–140◦C). The gate current (IG) as a function of forward gate-voltage sweep,

VG, (ramping rate = 0.3 V/s) was recorded. The parameters IG and VG were

also transformed into current density (J) and electric field (E) using the following

expressions:

J = IG/A (1)

E = (VG − VFB)/tox (2)

where VFB and tox are the flat band voltage and oxide thickness. The results of

MOS characteristics as a function of nitrided-SiO2 thickness have been reported

earlier.12

3. Results and Discussion

The J–E measurements of the investigated stacking gate oxides at various temper-

atures (25–140◦C) have been presented in Ref. 12. From these results, conduction

mechanisms through these oxides have been systematically evaluated using different

conduction models, such as Schottky emission, direct tunneling, Fowler–Nordheim

(FN) tunneling, Poole–Frenkel (PF) emission, and space-charge limited conduction,

which consists of three limited conduction processes, namely, Ohm’s law, Child’s

law, and trap-filled limit. In the evaluation, effect of temperature has been taken

into consideration when linear fitting is being performed.

Figure 1 shows a typical plot of J–VG measured at room temperature for the

three investigated oxides. At low electric field, current conduction obeys Ohm’s

law, which is revealed by the filled symbols in the figure. Ohm’s law can be

Fig. 1. Current density, J , as a function of applied gate voltage, VG, at room temperature for
Ni/Al2O3/SiO2/4H-SiC MOS capacitors with different thickness (2, 4, and 6 nm) of nitrided SiO2

(open symbols). The plots are fitted linearly with Ohm’s law (filled symbols) and the gradients of
each plot extracted from various temperatures (25–140◦C) are presented in the inset of the figure.
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mathematically described as follows9:

JOhm = qn0µ
VG

tox
(3)

where, JOhm, q, n0, and µ, are current density due to Ohm’s law, electronic charge,

concentration of free charge carrier in thermal equilibrium, and electronic mobility

in the oxide.

Current conduction via this mechanism is attributed to the thermal excitation

of trapped electrons from bulk oxides of both Al2O3 and SiO2 when an electric

field is applied. The density of these excited electrons is much higher than that

injected from the SiC substrate [path (1) in Fig. 2]. The gradient of the linear fitted

region for the respective oxides are presented in the inset of Fig. 1. The gradient

of the oxides obtained from higher temperature is the same as those measured at

room temperature. Ideally, current conduction obeying Ohm’s law should reveal

a gradient of unity and it has been demonstrated by stacking oxides with 2- and

4-nm thick nitrided SiO2 but a small deviation to a higher value has been shown

Fig. 2. Energy-band diagram of MOS structures with Al2O3 stacked on SiO2 gates. The num-
bering (1) to (3) refers to respective leakage paths due to Ohm’s law, Poole–Frenkel emission, and
Fowler–Nordheim tunnelling, respectively. EC, EF, EV, EFM, and ΦB are the conduction band
edge, Fermi level, valence band edge, Fermi level of Ni, and effective barrier height, respectively.
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in stacking oxide with 6-nm thick nitrided SiO2. Only Ohm’s law is governing the

current conduction process at this low electric field region (∼ 0.2 − 4.2 MV/cm,

depending on the SiO2 thickness) for the three stacking oxides. This is rather similar

to those current conducting through nitrided SiO2/4H-SiC structure.3 However, for

Al2O3/4H-SiC structure, trap-filled limit and Poole–Frenkel (PF) emission are the

dominant mechanisms for current conduction at the same electric field region.9

As the electric field is increasing (5.7–7.4 MV/cm), PF emission has been identi-

fied as the governing mechanism for current conducting through stacking oxide with

2-nm thick nitrided SiO2 (Fig. 3). This mechanism is a bulk-limited conduction and

can be described as9:

J = (qNcµ)E exp{[−q(φt −
√

qE/πεrε0)]/[KT ]} (4)

where Nc, εr, φt, and K are the density of states in the conduction band, dynamic

dielectric constant, trap energy level, and Boltzmann’s constant, respectively. From

the gradient of the linearity, εr has been extracted and the values range from 4.78 to

5.08, depending on the measured temperature. This value is lower than the dielectric

constant (6.9) obtained from high-frequency capacitance-voltage measurement.12

PF emission is due to field-enhanced thermal excitation of trapped electron into the

conduction band [path (2), Fig. 2] and it may be originated from bulk Al2O3 and not

from bulk nitrided SiO2. This is because, based on current conduction of Al2O3/4H–

SiC structure,9 it has shown a similar emission process at the investigated electric-

field range.

In addition to PF emission, FN tunneling through the stacking oxide with 2-nm

thick nitrided SiO2 can also be well-fitted [path (3), Fig. 2]. Therefore, it is unable

to differentiate which mechanism dominates the conduction. The FN tunneling is

also being revealed in other stacking oxides. The FN plots of the three investigated

Fig. 3. A typical room temperature Pool–Frenkel (PF) emission plot [ln(J/E) versus E1/2] mea-
sured from Ni/Al2O3/SiO2/4H–SiC MOS capacitor with 2-nm thick nitrided SiO2 (open symbol).
Gradient of the linearly fitted region (filled symbol) is used to calculate dynamic dielectric con-
stant, εr, of the stacked gate oxide.
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stacking oxides are presented in Fig. 4. From the FN plots, effective barrier height,

ΦB, between conduction band edge of SiC and nitrided SiO2 have been extracted

and is shown in the inset of the figure. The ΦB is increasing with the increase

of nitrided SiO2 thickness. The thickest nitrided SiO2 has shown the ΦB value of

2.70 eV, which is closer to its theoretical value. This indicates that the effect of

nitrided SiO2 becomes dominant as the thickness increases. When these oxides are

investigated at higher temperature, there is no obvious change in the ΦB value;

suggesting that these stacking oxides are thermally stable within the investigated

Fig. 4. Typical Fowler–Nordheim (FN) tunneling plots as a function of nitrided SiO2 thickness
for the investigated Ni/Al2O3/SiO2/4H–SiC MOS capacitors. Effective barrier height, ΦB, of the
respective samples (inset of the figure) have been extracted and calculated from the gradient of
linear fitted region from various temperatures (25–140◦C) FN plots.

Fig. 5. A relationship among nitridied SiO2 thickness, electric field, and current conduction
mechanism through atomic-layer deposited Al2O3/thermal nitrided SiO2 gate on n-type 4H–SiC.
The abbreviations FN, PF, Ohm, EHDB, and EBD represent Fowler–Nordheim tunneling, Poole–
Frenkel emission, Ohm’s law conduction, hard oxide breakdown, and oxide breakdown.
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temperature range. Figure 5 presents current-conduction mechanisms of the three

investigated stacking oxides as a function of nitrided SiO2 thickness and E obtained

at room temperature. Depending on the nitrided-oxide thickness (approximately in

between 4 to 5.5 MV/cm,), there is still some region with unknown mechanism.

Besides the conduction mechanisms, hard oxide breakdown field (EHBD) and oxide

breakdown field (EBD) are included. EHBD is defined as any electric field that

induces an instantaneous increase of current density while EBD is associated with

any electric field that could cause leakage current density higher than 10−6 A/cm
2
.

Based on this figure, mechanism responsible for current conduction through the

stacking oxides as a function of nitrided SiO2 thickness can be identified.

4. Conclusion

The current conduction mechanisms of atomic-layer deposited Al2O3 (13 nm)/

thermal nitrided SiO2 gates stacked on n-type 4H-SiC have been systematically

investigated. The effect of nitrided SiO2 thickness (2, 4, and 6 nm) on the stacking

gate has been studied. It has been found that the oxides were thermally stable and

the conduction mechanisms were independent on temperature (25–140◦C). Sev-

eral mechanisms have been identified, which are responsible for current conduction

through the investigated oxides, depending on the nitrided SiO2 thickness. The

relationships among the oxide thickness, electric field, and conduction mechanisms

have been established.
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