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Abstract

We report on the characteristics of metal-insulator—semiconductor (MIS) capacitors with aluminum nitride (AIN) as the
dielectric material. Using reactive magnetron sputtering, we deposited layers of AIN on 1-10 Q cm p-type (1 0 0) silicon
wafers. The deposition rates were investigated as a function of sputter pressure, power, gas composition, and substrate
temperature. On films deposited over a range of sputter parameters, X-ray diffraction (XRD) and Rutherford backscattering
spectrometry (RBS) were performed indicating that optimal deposition conditions for best crystal quality and stoichiometry
were a total pressure between 4 and 10 mT, a gas mixture of 85% nitrogen and 15% argon, and a substrate temperature
~200°C. The films had a weak microcrystalline structure with the c-axis preferentially orientated parallel to the substrate
normal. MIS capacitors were fabricated on silicon substrates with Ti/Au contacts. Current—voltage (IV) and capacitance—
voltage (CV) measurements revealed breakdown fields of 4-12 MV/cm. Depending on the thickness, leakage current densities
were between 107! and 1072 A/cm? at 1 V reverse bias, the interface charge density was <10'® cm?, and flat band voltages
were from —10 to 2 V. The dielectric permittivity was between 4 and 11 for thick layers (>100 A) and decreased to values
between 2 and 6 for thicknesses below 100 A. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 73.40.Qv (MIS structures)
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1. Introduction device. Insulators with high dielectric constants are

sought as alternatives to silicon dioxide. Compared to

As the gate oxides of metal-oxide semiconductor
field-effect transistors (MOSFETS) shrink to thick-
nesses below 2 nm, gate leakage currents can become
excessive and severely hinder the functionality of the
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low-permittivity gate dielectrics, more channel charge
is induced for the same applied gate voltage. Insula-
tors with higher dielectric constants can, therefore, be
made thicker, reducing the quantum-mechanical tun-
neling current. Bulk aluminum nitride (AIN) has a
dielectric constant of 9 [1] to 10.4 [2] compared to 3.9
for silicon dioxide, and is thermally stable on silicon,
but its behavior in metal-insulator—semiconductor
(MIS) devices is still not well understood.
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Previous studies on reactively sputtered AIN films
and their thermal oxides revealed excellent stoichio-
metries, flat-band voltages, interface state densities
[3], and breakdown fields in excess of 0.25 MV/cm
[4]. Using reactive radio-frequency (rf) magnetron
sputtering, we prepared a series of thick AIN
samples over a wide range of deposition conditions.
The deposited AIN layers were characterized by X-
ray diffraction (XRD), atomic force microscopy
(AFM), ellipsometry, and Rutherford backscattering
spectrometry (RBS). A series of samples prepared
underoptimal deposition conditions with thick-
nesses between 40 and 600 A was characterized
by capacitance—voltage (CV) and current—voltage
(IV) measurements.

2. Experiments

AIN has shown excellent thermal, chemical [5],
physical [6], electrical [4], optical [7], and piezo-
electrical [8] properties that depend on the deposition
method and its specific conditions. It has the widest
direct bandgap (6.2 eV) among the III-V materials [1]
and has a great potential for optoelectronic devices
operating at shorter wavelengths, as well as for high-
power and high-temperature devices. Main applica-
tions comprise passivation [9], protection [10], encap-
sulation [11], alternative insulators [12], luminescence
[13], buffering gallium nitride growth [14], quantum
dot [15] and nanocrystal [16] nucleation, cold cathode
emitters [17,18], and effective diffusion barrier caps
[19]. Impurities are believed to be responsible for deep
states and bandgap reductions [20] and the incorpora-
tion of oxygen, carbon, hydrogen, and silicon has been
observed in different deposition methods.

2.1. Preparation and deposition

Sputtering was chosen for this study because of its
simplicity and low cost. Other techniques such as
chemical vapor deposition (CVD) [21], metal organic
CVD (MOCVD) [22], laser ablation [23], atomic layer
growth [24], vapor pressure epitaxy (VPE) [25], and
molecular beam epitaxy (MBE) [26] involve elevated
temperatures, expensive reactors, and ultra-high
vacuum equipment. Using sputtering, substrate tem-
peratures as low as —172°C [27] and as high as 750°C

[28] have yielded stoichiometric AIN with varying
crystallographies, but room temperature is generally
used. The surface roughness and electrical properties
of sputtered AIN films are comparable to epitaxially
grown layers, and there is the possibility that amor-
phous AIN films might experience less leakage due to
the absence of the columnar growth, grains, and
threading dislocations.

For this study, 3 in. (1 0 0)-oriented p-type silicon
wafers of moderate Boron doping levels (1-10 Q cm)
were chemically cleaned to remove surface contami-
nants and the native oxide, as described elsewhere
[29]. Using an Edwards E306A sputter coater with a
high-purity Al-target magnetron source, the samples
were mounted upside-down to a rotatable water-
cooled molybdenum substrate holder 5 cm above
two 4 in. targets. The chamber was pumped by a
diffusion pump with a liquid nitrogen cold trap to
the 10~® T range, typically for a period of 12 h. The
partial and total gas pressures were adjusted with mass
flow controllers. Prior to deposition, the targets were
cleaned by a 10 min medium-power argon plasma at
5 mT with closed shutters.

The sample composition was determined by RBS
using 2 MeV helium ions. To characterize the micro-
structure, the X-ray ®-26 diffraction patterns from
20 = 30-80° were obtained in a Philips X’Pert MPD
system with a fixed stage, Cu Ko radiation, and spatial
collimators. The thickness, refractive index, and sur-
face roughness were determined utilizing a 633 nm
Rudolph AutoELII ellipsometer with automatic nul-
ling, stylus profilometry, and AFM. Electrical IV and
CV measurements were performed on a probe station
with coaxial probe tips and an HP4156B and
HP4284A, respectively. This setup is capable of mea-
suring static currents in the fA range and capacitances
and conductances at frequencies ranging from 20 Hz
to 1 MHz.

2.2. Dependence on rf-power

For all considered sputter powers, the thickness of
the deposited bulk layers was linearly dependent on
sputter time as depicted in Fig. la. However, for
thicknesses below 200 A the growth rate increased
by a factor of 2—4 as compared to the bulk rate,
indicating a change in sticking coefficient between
AIN on silicon and on itself, which needs to be
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Fig. 1. (a) Aluminum nitride thickness as a function of deposition
time and power at room temperature. (b) Deposition rate and
refractive index as a function of power for the same gas conditions.
The slope of the deposition rate was 0.0051 AIWs.

considered for the fabrication of ultra-thin layers. For
a 5 mT plasma of 15% argon and 85% nitrogen, the
deposition rate of AIN on silicon at room temperature
was extracted from the data in Fig. 1 and found to
depend linearly on sputtering power with proportional
constant of 0.0051 A/Ws. Weak and broad hexagonal
AIN XRD peaks ((002), (10 1), (004)) with rela-
tive intensities below 0.5% have been observed for all
deposition powers. The films were mostly oriented
with their c-axis perpendicular to the substrate surface.
Higher-powers yielded slightly larger relative X-ray
peak intensities. The refractive index was found to be
centered around n = 2.1, in excellent agreement with
published values [30]. Within the detection limits of
RBS, the stoichiometry did not depend on rf-power.

2.3. Dependence on gas pressure

The ion mean free path in the region of glow
discharge is inversely proportional to the gas density.

Therefore, the deposition rate is expected to depend on
the gas pressure during sputtering. Using magnetron-
type target fixtures, it is possible to achieve a glow
discharge over a wide range of pressures. A minimum
pressure of 1.5 mT was required to sustain the glow
discharge, and pressures over 50 mT resulted in heavy
plasma distortions and inhomogeneous layer thick-
nesses. We prepared a set of samples with a gas
mixture of 15% argon and 85% nitrogen at 100 W
and varied the deposition pressure between 1.5 and
30 mT. Although, crystallographic phase changes of
the deposited AIN layers were observed, XRD peaks
showed no significant change in full-width at half-
maximum (FWHM) values and relative intensities,
while the deposition rate doubled at 1.5 mT and halved
at 30 mT, compared to the value at 5 mT. In Fig. 2, the
deposition rate is shown as a function of gas pressure.
Ateach pressure, the deposition rate is roughly linearly
dependent on the sputtering power. A similar behavior
was reported by Joo et al. [30] and Cheng et al. [31] In
order to achieve sufficient rate control, capacitance
manometers and feedback-controlled gate-valves are
recommended for pressure control. Within the detec-
tion limit of RBS, no change in stoichiometry with
varying total gas pressure was detected.

2.4. Dependence on gas composition

Stoichiometry and impurity levels are expected to
influence the band gap states and related electrical
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Fig. 2. Sputter deposition rate of aluminum nitride as a function of
total gas pressure measured by a pirani-type thermocouple gauge.
Varying the gas pressure can change the sputter rate. Compared to
5 mT it has nearly doubled at 1.5 mT, the lowest possible discharge
pressure.
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properties. For example, if the dielectric AIN layer is
aluminum rich, dangling Al bonds are believed to give
rise to 1 eV deep states [32]. As reported by Fara et al.
[33], nitrogen vacancies occur as states in the bandgap
2-2.5 eV above the valence band. Incorporated oxy-
gen is reported to yield states 0.5-1.9 eV above the
valence band, while silicon and carbon yield states 0.9
and 1.2 eV below the conduction band, respectively.
Most groups experienced difficulties with the incor-
poration of oxygen and carbon. The resulting states
may pin the Fermi level, which has been observed in
capacitance-voltage sweeps [4,9,12]. They have been
classified as fast states due to the appearance of kinks
and stretching in 1 MHz CV curves.

We prepared a series of samples with layers of AIN
having a thickness of 2000 A and varied the concen-
tration of argon in the argon—nitrogen gas mix. The
total gas pressure was held constant at 5 mT and the
layers were sputtered at 400 W and room temperature.
RBS revealed that the resulting layer compositions
were AlsgqNsgg, for almost the entire concentration
range. Only for extremely high argon concentrations
did we find slightly aluminum rich layers, and both the
deposition rate and refractive index increased con-
siderably. For layers deposited in pure nitrogen (0%
Ar), hexagonal AIN XRD peaks were still visible in
the XRD sweeps, but RBS showed considerable oxy-
gen incorporation. At higher argon concentrations,
weak XRD peaks from different orientations became
visible, as also reported by Cheng et al. [31]. A pure
argon gas resulted in the deposition of aluminum. As
shown in Fig. 3, the deposition rate and refractive
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Fig. 3. Dependence of deposition rate and refractive index on the

argon concentration in the reactive gas. A pure argon gas (100%
Ar) yielded in the deposition of aluminum.

index were found to be reasonably constant between 0
and 60% of argon.

2.5. Substrate temperature

Similar to MBE, CVD, laser ablation, and VPE, the
raised substrate temperatures are expected to increase
the ad-atom mobility during sputtering, although, the
kinetics of the arriving species is different. To study
the effect of the substrate temperature, samples were
attached to a boron nitride coated graphite heater
element by a quartz-glass enclosed titanium-wire
spring. The heater element was placed inside a
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Fig. 4. (a) Cu Ko XRD spectra of samples deposited at different
substrate temperatures for times between 95 and 115 min with a
power of 100 W and 10 mT of 15% Ar and 85% N,. (b) Deposition
rate measured by ellipsometry.
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water-cooled stainless steel cell, and the temperature
was measured at the backside of the heater element by
a thermocouple. All samples were sputtered at 100 W
in 10 mT of 15% argon and 85% nitrogen for durations
between 95 and 115 min. As indicated in Fig. 4(a), the
(0 0 2) AIN diffraction peak was strongest in the range
of 200-500°C, where its FWHM and relative intensity
value reached A® = 0.04° and 27%, respectively. The
deposition rate in Fig. 4(b) showed a maximum at
temperatures between 200 and 500°C.

2.6. Electrical characterization

We prepared a series of MIS capacitors with AIN
insulators sputtered at room-temperature using powers
of 50 and 100 W with 5 mT of 15% argon and 85%
nitrogen. High temperature nitrogen and oxygen treat-
ments were performed in a horizontal open-end quartz-
glass tube furnace. The samples were slowly inserted
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(3 inch/min), annealed in N, or oxidized in dry O, at 750
or 800°C, and removed with 3 inch/min. Samples with
thicknesses larger than 300 A tended to form visible
defects. Therefore, we fabricated AIN layers on p-type
(1 00) Si with thicknesses below 300 A in addition to
one reference sample with 570 A. After the deposition
and high-temperature steps, 150 A of high-purity tita-
nium was e-beam evaporated to protect the AIN layer
from contamination and subsequent photolithography
steps. As reported by Mileham et al. [S], KOH-based
developer etches AIN at a very fast rate. Exposing AIN
to RD6 developer etched 4000 A in 10 min. We pat-
terned circular dots with an area of 3.621 x 10> cm?
using lift-off with Ti:Au (100 A:5 kA). Before devel-
oping, the backside of the silicon substrate was made
hydrophobic by immersing the samples in buffer oxide
etch (1:10) for 30s. The backside (150 A2 KA of
Ti:Au) was metallized without breaking vacuum by
rotating the sample holder. After lift-off, the dots were
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Fig. 5. Top: current density vs. voltage sweeps of the thickest (left) and thinnest (right) sample. Bottom: breakdown voltage vs. thickness (left)
and leakage current density versus thickness (right), extracted at 1 V reverse bias. Thermally grown SiO, has breakdown strengths of 10 MV/

cm [1].
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electrically isolated by a short reactive ion etch using
an SF¢-based chemistry.

CV and IV measurements showed hysteresis and
initial negative differential resistivity (NDR) bumps
between forward and reverse sweeps, indicating
mobile charges trapped inside the AIN. Before per-
forming the IV measurements, the samples were swept
well below breakdown until the NDR disappeared,
and held at zero volts until the current had settled.
Each point was allowed settling for 20 s and then
measured by averaging over a period of 1.6s. All
samples were measured through breakdown and then
re-measured after failure. As indicated in Fig. 5, most
of the as-sputtered samples showed considerable leak-
age, which could be reduced by orders of magnitude
by annealing in nitrogen. A further reduction in
leakage current and an increase in breakdown voltage
were achieved by annealing in oxygen. However,
sputtered AIN has been shown to form Al,O3 under
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high-temperature oxygen treatments with an increase
in thickness by a factor of 1.3-1.7 [3]. As shown in
Fig. Sc, we measured breakdown fields between 4 and
12 MV/em (E5” = 10MV /em) [1] and leakage cur-
rent densities below 107° Alcm?, extracted at —1 V,
although, larger leakage currents occur at increased
biases. The currents of as-sputtered and annealed AIN
could not be fitted to either Fowler—Nordheim tunnel-
ing or Frenkel-Poole emission transport mechanisms.

To avoid hysteresis, separate capacitance voltage
curves were taken from zero to depletion and from
zero to accumulation. All samples were biased below
breakdown at gradually reducing positive and negative
dc voltages. Subsequently, a zero bias was applied to
the device under test for 1 min before sweeping to
depletion. The same cycling procedure was repeated
before measuring the accumulation region, which
resulted in negligible discontinuities in C at 0 V.
Fig. 6 shows representative CV sweeps of the
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Fig. 6. Top: capacitance per area vs. voltage curves for the thickest (left) and thinnest (right) sample. Bottom: flat band voltage (left) and relative
permittivity (right) vs. AIN layer thickness. The relative dielectric constant was extracted from the maximum measurable capacitances.
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570 A reference sample and the thinnest sample
(40 A). Similar to MOS capacitors with SiO,, our
capacitors showed accumulation and depletion,
although, inversion could not be achieved at medium
and low frequencies. We suspect a large number of fast
recombination centers at the interface that efficiently
capture minority carriers. In addition, for most of the
as-sputtered samples, we observed a strong stretching
of the CV curves. Annealing in nitrogen and oxygen at
750 and 800°C proved to reduce the stretching. How-
ever, the remaining stretch-out did not allow fitting to
theory in both the accumulation and depletion region.
Furthermore, low breakdown voltages and large leak-
age currents at higher accumulation biases severely
interfered with the measurement of the capacitance.
The measured flat band voltages are indicative of a
large density of integrated interface states
(<10 cm?). The relative permittivity calculated from
the maximum capacitances was 4 to 11 for samples
having a layer thickness above 100 A and 2-6 for
layers below 100 A. Compared to thermally grown
silicon dioxide (¢ = 3.9), this increase in permittivity
would permit a 200 A AIN layer to replace SiO, as
thin as 71 A, provided that leakage currents and flat
band voltages can be reduced.

3. Conclusions

We have investigated a wide range of deposition
conditions for the reactive radio-frequency magnetron
sputtering of AIN on 1-10 Q cm p-type (1 0 0) silicon
substrates. The quality (stoichiometry, crystallogra-
phy, refractive index) and deposition rate were pre-
sented as a function of gas pressure, gas composition,
sputtering power, and substrate temperature. Optimal
conditions for the best c-axis oriented crystal quality
at 100 W were identified to be a gas pressure of 10 mT,
a gas composition of 15% argon and 85% nitrogen,
and a substrate temperature around 200°C, where the
deposition rate approached a maximum. Thin layers of
as-sputtered AIN revealed large leakage currents and
flat band voltages, which were mitigated by annealing
in nitrogen or oxygen. Breakdown fields were between
4 and 12 MV/cm and dielectric permittivities between
2 and 11 making sputtered AIN an attractive low-
temperature low-cost alternative dielectric material to
thermally oxidized silicon. However, the inability to

create minority carriers at the semiconductor surface,
probably due to a large density of fast recombination
centers at the insulator-semiconductor interface, indi-
cates that more work is necessary before the integra-
tion into MOS transistor circuits becomes feasible.
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