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Abstract — A physical-vapour-deposition (PVD) of AIN thin
films is presented in this paper. For AIN layers that are
0.8 um thick, the electrical resistivity is found to be higher than
10° Qem, the dielectric constant about 8, and the thermal
conductivity around 11Wm™K™. The deposition conditions are
tuned to reduce the stress, to avoid his detrimental effects on
integrated devices.

Index Terms — Aluminium nitride, heat spreader, physical-
vapor -deposition, reactive sputtering, thin films.

I. INTRODUCTION

N advanced silicon integrated circuits (ICs), such as high-

frequency (hf) Si/SiGe BiCMOS circuits, heat generation is
one of today’s major yield killers. In semiconductor industry,
the efforts are constantly directed toward the reduction of the
minimum feature size, increasing, at the same time, the speed
of devices. This means that, in the future, the self-heating and
thermal coupling will become enormous due to both the high
packing and power densities. Failures due to thermal effects of
the transistors will also pose a limit on the individual device
performance [1]. For hf devices, where the use of aggressive
isolation techniques guarantees the speed performance, new
electrical insulators with high thermal conductivity are needed
to enhance heat spreading and heat sinking. In order to meet
the requirement to produce high quality layers with as high as
possible thermal conductivity kry, different materials have
been investigated in the past. The most commonly used
dielectrics in silicon technology are oxides and nitrides, but
they have very low kg, around 1-3Wm™K™. For high Ky,
the wide band-gap materials such as diamond, silicon carbide
(SIC) and auminum nitride (AIN) have been recently
considered.

Aluminium nitride is one of the most versatile Il1-V
compounds, it possesses a large energy band-gap of about 6
eV [2], [3] and several authors focused on properties of AIN
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thin films for electronics, opto-electronics, and acoustic
applications. In particular, due to its electrical and thermal
properties, AIN can be used for heat spreading/sinking in IC
applications. AIN is a material that is neither contaminating
nor poisonous, differently from other materials, such as
beryllia for example, and can be both deposited and etched by
means already available in conventional silicon processing.

In this work, physical-vapor-deposited AIN thin films are
developed. The deposition parameters are tuned to guarantee
low stress, high thermal conductivity and electrical insulation.
Deposited layers are experimentally characterized using test
structures designed for this purpose.

II. FABRICATION PROCESS

A. Deposition Technique

Depending on the desired applications, AIN can be grown
using alarge variety of techniques: gas source molecular beam
epitaxy, reactive molecular beam deposition (RMBD),
chemical vapor deposition (CVD), reactive sputtering [4]-[7],
etc. However, the most diffused methods are the CVD and the
PVD. One important advantage of using PVD is the possibility
to deposit films at temperatures substantially lower than in the
case of CVD [6], [8]. Indeed the high processing temperature
often results in the inclusion of impurities, or leads to the
generation of interface defects and cracking. Moreover, the
temperature of the deposition is limited by the total thermal
budget constrains of microelectronic devices fabrication (e.g.
dopant diffusion, melting point of metallization, etc.).

In this work, the aluminium nitride film is deposited by
reactive magnetron pulsed-DC sputtering, in a Trikon Sigma
sputter machine, with a pure Al target. For AIN layers of less
than 1 um thick, a pulsed-DC power of 2 kW with a pulse
width of 1616 ns and a frequency of 250 kHz is used. The
substrate temperature is 300 °C and the pressure 5.0 mtorr.
Nitrogen incorporation is achieved with a N, flow of 75
standard cubic centimeters per minute (sccm) and an argon
flow of 38 sccm. No RF bias is applied and the tooling factor

is 169 A min™kW™, where the tooling factor is defined as the
deposition speed over the applied power.

For AIN layers of more than about 1 pm thick the stress can
lead to cracking. To avoid this, the layer is built up of
aternating 0.2-um-thick layers, the one being deposited with
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the parameter set given above and the other deposited with the
same parameters except for the addition of a20 W RF biasing.
In this manner it is possible to deposit up to 4-pum-thick AIN
layers.

B. Etching

The deposited AIN can be etched by a wide range of wet
etchants, some typical etch rates of which arelisted in Table 1.
Even the development step for photoresist patterning will
remove about 40 nm of AIN.

For the dimensional control of window etching in AIN
layers, however, dry etching in Cl,/HBr chemistry is very
much to be preferred. This is performed in a Trikon Omega
etcher. Resist masking is not always attractive for AIN layers
that are no more than 2 um thick because the etch rates of
resist and AIN are 306 nm/min and 188 nm/min, respectively,
i.e. the selectivity is 1.6:1. Note that it is possible to etch AIN
directly on Al by using the same Cl,/HBr chemistry with
endpoint detection. However, since the chemistry used for AIN
etching is similar to that of Al etching, the process window for
overetching the AIN layer is in redlity too small. A greatly
improved control of the etching of the 2-pm-thick AIN layers
is achieved if it is possible to land on silicon dioxide. In this
case, endpoint detection can be accomplished if the area of
exposed oxide is more than about 30%. The etch rate of the
oxide is 68 nm/min. As drawbacks it has been found that,
using a thick layer of resist of 5 um, the surface of the oxide
after AIN etching was rough, as clearly observed from visual
inspection.

TaBLE L
ETcH RATES OF AIN FOR DIFFERENT WET ETCHANTS.
SOLUTION TEMP[°C] ETCH RATE [nm/min]
0.55% HF 20 5.6
BHF 1:7 20 13.5
CrO4/H;PO, 70 60

[11. MATERIAL PROPERTIES

A. Stress Measurements

The high residual stress often observed in AIN thin films
appeared to be an obstacle to integration. For this reason the
film should exert a minimum stress on the underlying
substrate. To manipulate the stress of the AIN layers some
effect can be achieved by varying the frequency, pulse width
and/or temperature of the deposition. Table 2 shows the stress
measured for two different conditions of deposition. The
measurements are performed through a Flexus thin-film stress
meter. A reduction of the stress is obtained by switching on the
RF bias (layer A). The influence on the stress of a heating
treatment after the deposition of the auminum nitride is
depictedin Fig. 1.

Without biasing, the layers will produce a tensile stress.
Thus, for a thickness of 800 nm a stress of 400 MPa results,
while applying a bias of 20 W gives a compressive stress of
-500 MPa . By dternatively switching the bias on and off as

described in section I1.A, a 2-um-thick layer can be grown
with a tensile stress of about 250 MPa. For thicker layers this
stress level remains the same and it has been possible to grow
good quality layers. If no RF bias is applied the layers will
show cracking even for a thickness of 1.6 um. The layers
grown under the aternating bias conditions are robust in this
respect and can be used for further processing. However, for a
thickness of 3 um or more, the strain can become so large that
significant wafer bowing results and not all process equipment
will accept the wafer. At present it is possible to deposit thick
layers with very low stress levels that do not give excessive
wafer bowing. These layers have, however, not yet been
integrated in transistor runs. The stress in AIN films and its
dependence on other parameters, as e.g. the temperature of the
deposition, the pressure, the fraction of argon flow-rate in the
Ar/N, mixture, target voltage and so on, have also been
investigated by other authors[9]-[14].
TABLE 2.

DEPOSITION PARAMETERS AND RESULTING MATERIAL PROPERTIES OF TWO
DIFFERENT PVD AIN LAYERS. THE STRESS VALUES REPORTED HERE ARE

TENSILE.
LAYERA | LAYERB
FREQ. [kHZ] 250 DC
PULSE WIDTH [ns] 1616 -
DUTY CYCLE [%)] 40.4 100
STRESS[MPa) +407 +574
dan [NM] 836 845
N (A=365 nm) 217 2.20
Ny (A=633 nm) 212 2.13
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Fig. 1. Stress versus the temperature during the heating-up,

cooling-down of 800-nm-thick AIN layer deposited at 300 °C.

B. Electrical Properties

The electrical properties of bulk AIN are typicaly those of
an insulating material. The electrical resistivity for the AIN
substrates is, depending on the process technology, between
4x10" Q@m [15] and 5x10"° Q[@m [16]. The eectrical
resistivity of aluminium nitride in thin film form was measured
in[2] to bein the order of 10" Q&tm .
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The deposited AIN thin film, investigated in this work, has
clearly a granular structure. The first few nanometers are
deposited as an amorphous layer that is the seed for the
subsequent polycrystalline growth in verticaly elongated
grains as seen in the TEM image shown in Fig. 2. The
electrical properties are strongly influenced by the grain
structure and can have directional dependencies. In order to
measure the vertical and lateral electrical resistivity of the
deposited AIN, appropriate structures, depicted in Fig. 3, were
designed. For extraction of the vertical resistivity, several Al-
AIN-Al capacitors, with different aluminium nitride thickness,
were fabricated and characterized (see Fig. 3(a). |-V
measurements were performed on the structures and the
leakage current in the material versus the applied voltage is
given in Fig. 4. The measured electrical resistivity is in the
order of 10” —-10" Q&m , depending on the thickness of the
material. As can be seen in Fig. 5, the resistivity decreases
when the thickness of the material increases. Further
experiments are being performed at the moment, in order to
clarify the origin of such behavior.

- -;
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Fig. 2. TEM image of a 2-um-thick AIN layer deposited on
100 nm thermal oxide.

To extract the lateral conductivity of the AIN layers,
multifinger metal structures with a wide range of pitches and
metal thickness were fabricated and covered with AIN layers
of a thickness up to 0.8 pm. To avoid hillocks formation
during thermal processing of the first Al layer, this layer was
capped by a 100-nm-thick TiN layer. The lateral resistivity
was extracted using the four probes method and found to be
higher than 10" Q [&m .

The measured dielectric constant of the AIN layers is about
8 at 1 MHz. Our values are in agreement with the results
reported by other authors [8], [17]-[21] that found values in
the range of 7-10.4. As comparison, note that the dielectric
constant is 3.9 for SiO,, which is one of the most common
insulating materials employed in microelectronics field, and is
6.5 and 7.9 for SiN and Al,O; respectively [22].

C. Optical Properties

The refractive index, measured at two different wavelengths
on the Sopra ESAG ellipsometer, is given in Table 2 for two
AIN layers, deposited in different conditions, and it is seen to

be aout 2.1 - 22. These high values indicate a good
crystalline rather than amorphous quality of the layers [23].
Furthermore this value is in agreement with the results given in
[2], [7], and [24].
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Fig. 3. Test structures employed to extract: (a) the vertica
resistivity (3D view), and (b) the lateral resistivity (top view)
of the aluminium nitride film.
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Fig. 4. Current through AIN thin films as a function of applied
voltage for different thickness.

D. Thermal Properties

The thermal conductivity of bulk materials can be strongly
different from that one of the corresponding thin film. The
AIN has a theoreticad therma conductivity kpy of
320 Wm™K™ [25], while the maximum experimental value for
the bulk material is 270 Wm™K™ [26]. However, the kg of
AIN film is much lower, in the range of 0.4-26 Wm'K™
[27], [28], since it depends on the deposition process details,
grain size and shape, film thickness and impurity
concentration. In the present work, the value of the thermal
conductivity of AIN film is extracted from a dedicated test
structure [29], and it is around 11Wm'K™. This value is
relatively high compared with other materials used in IC
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technology. For example, the silicon dioxide SiO, has a kyy of
about 1.4 Wm™K™, and the silicon nitride film has a value in
the order of 1.5-2 Wm™K™ [30], [31].
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Fig. 5. Resistivity as a function of the thickness of the AIN
film at different applied voltages.
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IV. CONCLUSION

Deposition conditions have been developed for which good
quality aluminium nitride films have been achieved. Compared
to previous approaches [10], this technique is also favorable
with respect to the thickness of the layers, since it allows
deposition of amost stress-free layers. The good dielectric and
thermal properties of AIN layers suggest that such material isa
candidate to be used as heat spreader in silicon integration
processes. The mechanical stressis a point of concern and has
prevented, until now, the integration of layers thicker than 2
pum in 1C technology.

ACKNOWLEDGMENT

The authors would like to thank Peter J. F. Swart and
Francesco Sarubbi for assistance in  experimenta
measurements, and the staff of the DIMES-ICP group for their
support.

REFERENCES

[1] N. Nenadovi¢, L. K Nanver, J. W. Slotboom, “Electrothermal
limitations on the current density of high-frequency bipolar transistors,”
in |[EEE Trans. Electron. Devices, 51(12), 2004, pp. 2175-2180.

[2] G. A. Cox et al., “On the preparation, optical properties and electrical
behaviour of auminium nitride,” in J. Phys. Chem. Solids, vol. 28,
1967, pp. 543-548.

[3] W.M.Yimetal., “Epitaxialy grown AIN and its optical band gap,” in
J. Appl. Phys, Val. 44, No. 1, 1973, pp. 292-296.

[4] T. Shiosaki, T. Yamamoto, T. Oda and A. Kawabata, “Low-temperature
growth of piezodectric AIN film by rf reactive planar magnetron
sputtering,” in Appl. Phys. Lett., 36(8), 1980, pp. 643-645.

[5] C. R. Aita, “Basal orientation aluminium nitride grown at low
temperature by rf diode sputtering,” in J. Appl. Phys,, 53(3), 1982, pp.
1807-1808.

[6] S. Muhl, J. A. Zapien, J. M. Mendez and E. Andrade, “Aluminium
nitride films prepared by reactive magnetron sputtering,” in J. Phys. D:
Appl. Phys., 30, 1997, pp. 2147-2155.

[71 F. Engdmark et al., “Synthesis of highly oriented piezoelectric AIN
films by reactive sputter deposition,” in J. Vac. Sci. Technol. A, 18(4),
2000, pp. 1609-1612.

[8] F. Engelmark et al., “Electrical characterization of AIN MIS and MIM
structures,” in |IEEE Trans. Electron. Dev., Vol. 50, No. 5, 2003, pp.
1214-1219.

[9] G. Este and W. D. Westwood, “Stress control in reactively sputtered
AIN and TiN films,” in J. Vac. Sci. Technol. A, 5(4), 1987, pp. 1892-
1897.

[10] I. Hajas, H. Schellevis, and L. K. Nanver, “Sputtered aluminum-nitride
for integration in IC processes,” in Proc. SAFE, 2004, pp. 643-646.

[11] W. J. Meng et al., “Measurement of intrinsic stresses during growth of
aluminium nitride thin films by reactive sputter deposition,” in J. Appl.
Phys., 74(4), 1993, pp. 2411-2414.

[12] M.-A. Dubois and P. Muralt, “Stress and piezodectric properties of
auminium nitride thin films deposited onto metal electrodes by pulsed
direct current reactive sputtering,” in J. Appl. Phys., 89(11), 2001, pp.
6389-6395.

[13] K. Kusaka, D. Taniguchi, T. Hanabusa, K. Tominaga, “Effect of
sputtering gas pressure and nitrogen concentration on crystal orientation
and residua stress in sputtered AIN films,” in Vacuum, 66, 2002, pp.
441-446.

[14] E. Iborraet al., “Piezodectric properties and residual stress of sputtered
AIN thin films for MEMS applications,” in Sensors and actuators, A
115, 2004, pp. 501-507.

[15] W. Werdecker and F. Aldinger, “Aluminum Nitride-An Alternative
Ceramic Substrate for High Power Applications in Microcircuits,” in
|EEE Trans. Comp., Hybrids, Manufact., 7(4), 1984, pp. 399-404.

[16] Y. Kurokawa et al., “AlIN substrates with high thermal conductivity,” in
IEEE Trans. Comp., Hybr., Manifact., Technol., Vol. Chmt-8, No. 2,
1985, pp. 247-252.

[17] D. Liufu, and K. C. Kao, “Piezoelectric, didectric, and interfacial
properties of aluminium nitride films,” in J. Vac. Sci. Technol. A, 16(4),
1998, pp. 2360-2366.

[18] D. Mangaarg et al., M. Radhakrishnan and C. Baasubramanian,
“Didectric and AC conduction properties of ion plated auminium
nitride thin films,” in J. Phys. D: Appl. Phys., 15, 1982, pp. 467-472.

[19] S. Striteand H. Morkog, “GaN, AIN, and InN: A review,” in J. Vac. ci.
Technol. B, 10 (4), 1992, pp. 1237-1266.

[20] V. Dimitrova, D. Manova, E. Valcheva, “Optical and dieectric
properties of dc magnetron sputtered AIN thin films correlated with
deposition conditions,” in Material Science and Engineering, B68,
1999, pp. 1-4.

[21] M.-A. Dubois and P. Muralt, “ Properties of aluminum nitride thin films
for piezoelectric transducers and microwave filter applications,” in Appl.
Phys. Letters, Vol. 74, No. 20, 1999, pp. 3032-3034.

[22] K.-H. Allers, P. Brenner, M. Shrenk, “Dielectric reliability and material
properties of Al>Os in metal insulator metal capacitors (MIMCAP) for
RF bipolar technologies in comparison to SiO,, SIN and T&0s,” in
Proc. IEEE BCTM, 2003, pp. 35-38.

[23] Properties of group Il Nitrides, J. H. Edgard (Ed.), London, INSREC,
1994.

[24] V. Mortet et al., “Physical properties of polycrystaline auminium
nitride films deposited by magnetron sputtering,” in Diamond and
related materials, 13, 2004, pp. 1120-1124.

[25] G. A. Slack, “Nonmetallic crystals with high thermal conductivity,” in
J. Phys. Chem. Solids, 1973, Vol. 34, pp. 321-335.

[26] K.Watari and S. L. Shinde, MRS Bulletin, June 2001, pp. 440-441.

[27] P. K. Kuo, G. W. Auner, Z. L. Wu, “Microstructure and thermal
conductivity of epitaxial AIN thin films,” in Thin Solid Films, 253,
1994, pp. 223-227.

[28] J. W. Leeetal., “Aluminum nitride thin films on an LTCC substrate,” in
J. Am. Ceram. Soc., 88(7), 2005, 1977-1980.

[29] L. La Spina et al., “MEMS test structure for measuring thermal
conductivity of thin films,” submitted to | EEE International Conference
on Microelectronic Test Structures, 2006.

[30] A. Irace, P. M. Sarro, “Measurement of therma conductivity and
diffusivity of single and multi-layer membrane,” in Sensors and
Actuators, Vol. A76, No. 1-3, 1999, pp. 323-328.

[31] M. von Arx, O. Paul, and H. Baltes, “Process-dependent thin-film
thermal  conductivities for themal CMOS MEMS” in J
Microelectromech. Syst., Val. 9, No. 1, 2000, pp. 136-145.

116



