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Abstract. MIS capacitors with AIN films deposited on p-Si substrates by
pulsed laser deposition (PLD) have been prepared and the type, energy posi-
tion and concentration of electrically active defects in the AIN films have been
studied. The presence of deep levels has been detected by capacitance-voltage
and conductance-voltage measurements performed at different frequencies and
temperatures of 77 and 300 K respectively. The concentration of the traps,
responsible for the leakage currents, and the conduction mechanism have been
determined from the analysis of the current-voltage characteristics at the dif-
ferent temperature regimes. It has been shown that inter-trap tunneling could
adequately account for the observed tunneling currents in these MIS structures.

1. Introduction

As the gate silicon oxides of contemporary MOS IC shrink to thicknesses of several
nanometers, indispensable quantum-mechanical currents across the gate oxide film
severely hinder the IC functioning. Materials with high dielectric constants have been
considered as potential substitutes for silicon oxide. Compared with low-permittivity
gate dielectrics, more charge is induced for the same applied gate voltage. Accordingly,
they can thus be thicker, which would reduce tunneling currents. Bulk AIN has
a dielectric constant of 10gy compared to 3.9¢¢ for SiOs [1]. Besides, Aluminum
nitride (AIN) is one of the blue and UV light emitting nitrides, which gives it an edge
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over other high-k dielectrics. Preparing AIN-Si metal-insulator-semiconductor (MIS)
structures with acceptable qualities will thus open the path to co-integration of light
emitting nitrides with silicon microelectronics. In addition, it is established that AIN-
Si interfaces are thermally stable. Many studies have focused on the various methods
to prepare AIN-Si structures, including sputtering [2], MOCVD [3], molecular beam
epitaxy [4] and pulsed laser deposition, (PLD) [5]. The electrical properties, mainly
fixed dielectric charge of AIN-Si MIS capacitors [6] and AIN-Si MISFET [7] have been
investigated; however, the specific resistivity of AIN films in these structures was the
only parameter that was estimated. The concentration and nature of AIN film defects
play an important role in the electro-physical properties of AIN-Si MIS structures.
Also, a good understanding of these properties is essential for establishing optimal
conditions for AIN deposition by different methods.

The aim of this paper is to study the defects that are responsible for charge trans-
port in PLD grown AIN films. Our results are derived from the analysis of admittance
measurements at different frequencies and current-voltage (I-V) characteristics at dif-
ferent temperatures for metal-insulator-silicon (MIS) capacitors with AIN films.

2. Experimental details

AIN films were prepared by pulsed laser deposition on p-type (100)Si substrates.
During deposition, the substrates were heated up to 800°C, the temperature at which
the native SiOy covering the wafers is known to decompose. This temperature also
proved to be high enough to promote the crystalline growth of AIN layers [8, 9]. The
target consisting of polycrystalline AIN with 99% purity was rotated with 0.3 Hz
during multi-pulse laser irradiation in order to avoid piercing. The target-substrate
distance was 4 cm. A shutter was introduced between the target and the substrate
once the first 1000 laser pulses had been applied. In this way the impurities and defects
still present on the target surface could be removed and collected on the shutter before
reaching the substrate. The deposition of one structure was performed by applying
20 000 laser pulses generated by an UV KrF* pulsed laser source (A = 248 nm,
TrpwHM = 7 1s) operating at a repetition rate of 2 Hz. The laser energy was set to an
average of 85 mJ/pulse. The obtained film thickness was about 600 nm, i.e. suitable
for the subsequent optical characterizations. The synthesis was performed in nitrogen
ambient with pressures of 0.1, 5 or 10 Pa.

For the electrical measurements, metal-AlN-silicon capacitors were formed by vac-
uum evaporation through a metal mask of Al dots on the AIN surface and a continuous
Al film on the Si wafer backside. The capacitance-voltage (C-V) and conductance-
voltage (G-V) measurements were carried out at room temperature or 77 K with test
voltage frequencies of 15.9 kHz 159 kHz and 1 MHz by using an impedance meter
type BM 507 and an E7 - 12 digital LCR meter. The dielectric charge densities were
estimated applying the standard high-frequency approximation method [10] based on
the comparison of the measured C-V characteristics with the ideal C-V one calculated
for the corresponding capacitor with zero defect densities. The current-voltage (I-V)
characteristics were measured at 77 K and at room temperature.



Al/AIN/Si MIS Structures with Pulsed-Laser-Deposited AIN Films 253

3. Results and discussion

The measured C-V characteristics of the studied Al/AIN/Si structures are typical
for a MIS structure. Figure 1 illustrates this assertion, where the C-V characteristics
of the MIS structure with a 560 nm thick AIN film deposited at 10 Pa nitrogen
pressure are given at different frequencies and temperatures.
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Fig. 1. C-V characteristics of MIS structure with AIN films
deposited at nitrogen pressure of 10 Pa in dependence of
measurement frequency (a) and temperature (b).

The characteristics measured at 159 kHz and 1 MHz clearly revealed the accu-
mulation, depletion and inversion regions in the C-V plots (see Fig. 1). The 1 MHz
C-V plot measured at room temperature was shifted toward more positive voltages
compared with the ideal C-V one. This shift has showed that there are fixed dielectric
charge built-up in the AIN film with a density of the order of 10! cm™2, which has a
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weak tendency to increase with increasing the nitrogen pressure. The related defects
were negatively charged, while the fixed oxide charge is always positive in a SiO5—Si
MOS structure.

In Figure 1a one may notice that with decreasing the measurement frequency, the
capacitance values become larger in accumulation, depletion and inversion regions.
The 15.9 kHz C-V characteristics showed a capacitance maximum in the depletion
region, while toward the accumulation region capacitance increased monotonically up
to —4 V. The increase by almost one order of magnitude compared with the corre-
sponding capacitance measured at 1 MHz in the depletion region evidence for the
presence of interface traps at the AIN-Si interface and of deep levels in Si. The capac-
itance increase in the accumulation region signals the presence of deep levels in the
bulk of AIN film, which capture and emit charge carriers during the voltage sweeps.

As illustrated in Fig. 1b, the 1 MHz C-V characteristics measured at 77 K were
shifted toward negative voltages relative to those measured at room temperature. This
is an indication of the presence of positively charged traps at the AIN-Si interface,
which contributes to the capacitance values moving the Fermi level toward the Si
valence band edge during the temperature decrease from 300 to 77 K. Therefore, the
AIN-Si interface traps below the middle of the Si energy gap are donor-like. They are
of the same nature as the SiO5 — Si interface traps which are also donor-like in the
same part of the Si energy gap [11].

The stretch of the C-V curves along the voltage axis was small revealing low
amount of defects related to interface traps (Fig. 1). The concentration of the interface
traps was determined from the room temperature 1 MHz C-V curves with the standard
high frequency approximation method [10], as the energy distribution of the interface
traps density in the Si bandgap is shown in Fig. 2. The considerably flat curves and
low densities (below 1012 eV~tcm™2) over a wide energy region are evident for a good
quality interface with an excellent matching of the AIN structure to the Si substrate.
The interface traps densities observed for a Si/SiOs interface before any thermal
treatments are typically higher than 102 eV~tem =2 [12, 13], which is demonstrative
of the advantage of the PLD grown AIN on Si.
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Fig. 2. Interface trap density (D;:) distribution in Si bandgap
for AIN/Si structures synthesized at different Ny pressures.
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In the case when the concentration of the electrically active defects in the dielectric
film is high, the maximum capacitance value differs from the real film capacitance.
The contribution of the charge in these bulk traps can be eliminated applying the
two-frequency method, as the real film capacitance value C; can be obtained from the
equation:

~ HC(+ D) — foCa(1 + D3)
= 2 72 ) (1)
Ii—f5

where Dy, Do is the dissipation (D = G/|wC|) and Cy, Cs the capacitance at two
different frequencies f; and fs, respectively. The strong frequency dependence of the
C; in accumulation regime points out the presence of large amount of electrically
active defects in our AIN films. Therefore, we calculated the real C; values from the
Eq. (1). The results are summarized in Table 1. The comparison of the measured
capacitance values with the calculated ones showed that the 1 MHz C values are close
to the real C;, which suggests that the electron emitting - capturing process cannot
follow the ac signal.

C;

Table 1. The measured capacitance of the MIS capacitors in accumulation and the
calculated capacitance values of the AIN films without contribution of bulk traps charge

: =z
C; values obtained: Frequency g:ﬁ;g;?:ﬁf éicgess)ures
0.1 Pa 5 Pa 10 Pa
Experimentally 1 MHz 2.5 2.4 3.87
Experimentally 159 kHz 3.23 4.08 6.11
Calculation fi=1 MHz, 2.78 2.68 3.95
f2= 159 kHz

The electrically active defects in the AIN films contribute also to the conduction
in the MIS structure, as it can be seen from the G-V measurement results. Typical
G-V characteristics of an MIS structure are given in Fig. 3 for AIN deposited at
nitrogen pressure of 0.1 Pa. The G-V characteristics measured at 1 MHz at room
temperature were higher than those measured at 15.9 and 159 kHz in the conditions
of accumulation, depletion and inversion (Fig. 3a). These changes in the G-V plots
were related to deep levels being present in the bulk of the AIN film and traps at the
AIN-Si interface. The 1 MHz G-V characteristics measured at 77 K at accumulation
mode were higher than those measured at room temperature (Fig. 3b). This pointed
to the presence of deep levels in the AIN film bulk, being responsible for tunneling
type conduction in these MIS structures.

The I-V characteristics of the MIS structures were measured in accumulation
mode, where the whole voltage drops across the AIN film. Figure 4 shows the I-V
characteristics measured at 77 and 300 K for a MIS structure with AIN film deposited
at 0.1 Pa and 10 Pa nitrogen pressures.

The specific resistivities, p, of the AIN films evaluated from the linear part of the
I-V curves in the voltage range from -9 V to —6 V, are given in Table 2. The smallest
p value is noticed for the highest nitrogen pressure.
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Fig. 3. G-V characteristics of MIS structure with AIN films deposited at nitrogen pressure
of 0.1 Pa in dependence of measurement frequency (a) and temperature (b).
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Fig. 4. Typical I-V characteristics, measured at 77 or 300 K, of MIS structure
with AIN films deposited at nitrogen with pressure of 0.1 Pa (a) ans 10 Pa (b).

The I-V characteristics in accumulation mode reveal that the current densities
have a weak dependence on the temperature. This is an unambiguous proof that the
conduction mechanism through the AIN film is of tunneling type. As it has been
shown [14], incorporation of Si in AIN transforms AIN into n-type. One may expect
that during AIN PLD on Si substrate the film-substrate interaction will turn the AIN
film into n-type. If so, then the charge carriers in AIN are assumed to be electrons.
The estimated electron effective mass in AIN is in the range of (0.23-0.36)m, [15]. If
one assumes that electrons from occupied deep levels in AIN energy gap tunnel to the
AIN conduction band (Fowler-Nordheim emission), the I-V characteristics should be
given by:

4(2m * q)1/2p}
ShE

J = Joexp , (2)

where gy, is trap energy position in AIN band gap. Using Eq. (2), the energy position
qpe of 23 meV has been calculated from the I-V characteristics in Fig. 3. Such low
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values of gy, are incompatible with the clear dielectric character of investigated AIN
films and, therefore, the observed tunneling type currents are not connected with
Fowler-Nordheim emission of electrons from the traps in AIN films.

Another conduction mechanism of tunneling type may occur in dielectrics [16]. It
is the so-called inter-trap tunneling, where electrons tunnel from occupied deep levels
to next-nearest empty deep levels. In this case the I-V characteristics is given by:

1/2
2(2m = Q)1/290t/ w‘| sinh [(Qm +q) PutB (3)

1/2
h‘Pt/

1
J =quv— exp [—
w

Using Eq. (3) and by plotting In J as a function of electrical field E in the film, we
calculated (Table 2) from the slope of this plot and its intersection with the current
density axis, the mean distance w between nearest deep levels and the energy position
qpe of deep levels responsible for inter-trap tunneling. The obtained values of the
energy position qp; = 0.15-0.25 eV are between the values of 0.29 eV of Si donor
level [14], and 0.1 and 0.35-0.42 eV reported in [17]. These results show that inter-
trap tunneling can explain the observed tunneling type conduction in these AIN-Si
MIS structures.

Table 2. The energy position, gy:, and distance, w,
of traps in AIN-(p)Si MIS structures

Ny pressure [Pa] | Tr. [°C] | qpr [eV] | w [10 7em] | Ny [em™ 3] | p [Qcm]
01 77 0.2 7.63 2.25x10™ 10°
: 300 0.24 6.91 3.03x10™
77 0.15 12.13 5.59x 1017
o 300 0.21 8.29 T5x1o™ ] 1-5%10°
10 77 0.21 7.7 2.18x10™ 10
300 0.25 6.66 3.38x10™

Introducing the w values in the expression N; = 1/w3, the density of traps re-
sponsible for inter-trap tunneling was evaluated. The obtained values of Ny, which
are also given in Table 2, were in the range of 5.6 x 1017 — 3.4 x 10'® cm=3. The low
traps density in these AIN films suggests a more ordered and less defective structure
leading to higher specific resistivity in comparison with the reported data for AIN
films obtained by other techniques [18].

4. Conclusions

The C-V and G-V measurements at different frequencies and temperatures of PLD
grown AIN-(p)Si MIS structures manifest the presence of donor-like traps at the AIN-
Si interface and deep levels in the AIN film volume. The relatively small densities of
fixed charge (of the order of 10! cm™2) and interface traps (below 10'2 eV~lcm™2)
indicate that AIN-Si interface has a good quality, which makes PLD AIN films po-
tential candidate for gate dielectric for further development in the semiconductor
technology.
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The lack of dependence of the forward current on temperature indicated tunneling
type conduction in AIN films, where the electron tunneling takes place via inter-trap
tunneling. The concentration of these traps was in the order of 10'%cm™3, a value
that correlates well with the specific resistivity of AIN films.
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