1% £

Jyvaskylan yliopiston julkaisuarkisto I
Jywiskyld University Digital Archive UNIVERSITY OF JYVASKYLA

This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Author(s): Broas, Mikael; Sippola, Perttu; Sajavaara, Timo; Vuorinen, Vesa; Perros, Alexander
Pyymaki; Lipsanen, Harri; Paulasto-Krockel, Mervi

Title: Structural and chemical analysis of annealed plasma-enhanced atomic layer
deposition aluminum nitride films

Year: 2016

Version:

Please cite the original version:
Broas, M., Sippola, P., Sajavaara, T., Vuorinen, V., Perros, A. P., Lipsanen, H., &
Paulasto-Krockel, M. (2016). Structural and chemical analysis of annealed plasma-
enhanced atomic layer deposition aluminum nitride films. Journal of Vacuum Science
and Technology A, 34(4), Article 041506. https://doi.org/10.1116/1.4953029

All material supplied via JYX is protected by copyright and other intellectual property rights, and
duplication or sale of all or part of any of the repository collections is not permitted, except that
material may be duplicated by you for your research use or educational purposes in electronic or
print form. You must obtain permission for any other use. Electronic or print copies may not be
offered, whether for sale or otherwise to anyone who is not an authorised user.



Journal of Vacuum Science & Technology A

Structural and chemical analysis of annealed plasma-enhanced atomic layer deposition
aluminum nitride films

Mikael Broas, Perttu Sippola, Timo Sajavaara, Vesa Vuorinen, Alexander Pyymaki Perros, Harri Lipsanen, and
Mervi Paulasto-Krockel

Citation: Journal of Vacuum Science & Technology A 34, 041506 (2016); doi: 10.1116/1.4953029
View online: http://dx.doi.org/10.1116/1.4953029

View Table of Contents: http://scitation.aip.org/content/avs/journal/jvsta/34/4?ver=pdfcov
Published by the AVS: Science & Technology of Materials, Interfaces, and Processing

Articles you may be interested in

Optical characteristics of nanocrystalline AlxGa1-xN thin films deposited by hollow cathode plasma-assisted
atomic layer deposition

J. Vac. Sci. Technol. A 32, 031508 (2014); 10.1116/1.4870381

Tuning of undoped ZnO thin film via plasma enhanced atomic layer deposition and its application for an inverted
polymer solar cell
AIP Advances 3, 102114 (2013); 10.1063/1.4825230

Crystal AIN deposited at low temperature by magnetic field enhanced plasma assisted atomic layer deposition
J. Vac. Sci. Technol. A 31, 01A114 (2013); 10.1116/1.4764112

Plasma etch characteristics of aluminum nitride mask layers grown by low-temperature plasma enhanced atomic
layer deposition in SF6 based plasmas
J. Vac. Sci. Technol. A 30, 011504 (2012); 10.1116/1.3664306

Plasma enhanced metalorganic chemical vapor deposition of amorphous aluminum nitride
J. Appl. Phys. 90, 5825 (2001); 10.1063/1.1413484

y /
-

[

\‘\AVS 63™n{etnational

JyAPOsium & Exhibition

MUSIC CITY CENTER



http://scitation.aip.org/content/avs/journal/jvsta?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/873314269/x01/AIP/AVS63rdSymposium_JVA_BCovAd_1640x440banner_2016/AVS63_1640x440.jpg/5471704f346c5a6e5169774141374272?x
http://scitation.aip.org/search?value1=Mikael+Broas&option1=author
http://scitation.aip.org/search?value1=Perttu+Sippola&option1=author
http://scitation.aip.org/search?value1=Timo+Sajavaara&option1=author
http://scitation.aip.org/search?value1=Vesa+Vuorinen&option1=author
http://scitation.aip.org/search?value1=Alexander+Pyymaki+Perros&option1=author
http://scitation.aip.org/search?value1=Harri+Lipsanen&option1=author
http://scitation.aip.org/search?value1=Mervi+Paulasto-Kr�ckel&option1=author
http://scitation.aip.org/content/avs/journal/jvsta?ver=pdfcov
http://dx.doi.org/10.1116/1.4953029
http://scitation.aip.org/content/avs/journal/jvsta/34/4?ver=pdfcov
http://scitation.aip.org/content/avs?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvsta/32/3/10.1116/1.4870381?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvsta/32/3/10.1116/1.4870381?ver=pdfcov
http://scitation.aip.org/content/aip/journal/adva/3/10/10.1063/1.4825230?ver=pdfcov
http://scitation.aip.org/content/aip/journal/adva/3/10/10.1063/1.4825230?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvsta/31/1/10.1116/1.4764112?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvsta/30/1/10.1116/1.3664306?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvsta/30/1/10.1116/1.3664306?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/90/11/10.1063/1.1413484?ver=pdfcov

@CrossMark

Structural and chemical analysis of annealed plasma-enhanced atomic

layer deposition aluminum nitride films

Mikael Broas®"

Department of Electrical Engineering and Automation, Aalto University, P.O. Box 13500, FIN-00076 Aalto,
Espoo, Finland

Perttu Sippola®
Department of Micro- and Nanosciences, Aalto University, P.O. Box 13500, FIN-00076 Aalto, Espoo, Finland

Timo Sajavaara
Department of Physics, University of Jyvdskyld, P.O. Box 35, FIN-40014 Jyvdskyla, Finland

Vesa Vuorinen
Department of Electrical Engineering and Automation, Aalto University, P.O. Box 13500, FIN-00076 Aalto,
Espoo, Finland

Alexander Pyymaki Perros and Harri Lipsanen
Department of Micro- and Nanosciences, Aalto University, P.O. Box 13500, FIN-00076 Aalto, Espoo, Finland

Mervi Paulasto-Krockel
Department of Electrical Engineering and Automation, Aalto University. P.O. Box 13500, FIN-00076 Aalto,
Espoo, Finland

(Received 11 February 2016; accepted 16 May 2016; published 3 June 2016)

Plasma-enhanced atomic layer deposition was utilized to grow aluminum nitride (AIN) films on Si
from trimethylaluminum and N,:H; plasma at 200 °C. Thermal treatments were then applied on the
films which caused changes in their chemical composition and nanostructure. These changes were
observed to manifest in the refractive indices and densities of the films. The AIN films were
identified to contain light element impurities, namely, H, C, and excess N due to nonideal precursor
reactions. Oxygen contamination was also identified in the films. Many of the embedded impurities
became volatile in the elevated annealing temperatures. Most notably, high amounts of H were
observed to desorb from the AIN films. Furthermore, dinitrogen triple bonds were identified with
infrared spectroscopy in the films. The triple bonds broke after annealing at 1000 °C for 1 h which
likely caused enhanced hydrolysis of the films. The nanostructure of the films was identified to be
amorphous in the as-deposited state and to become nanocrystalline after 1 h of annealing at

1000 °C. © 2016 American Vacuum Society. [http://dx.doi.org/10.1116/1.4953029]

I. INTRODUCTION

Aluminum nitride (AIN) is utilized in various electronics
and sensor applications. For example, it is used in ceramic
substrates in high power integrated circuits (IC),' resonator
applications,” and light emitting diodes (LED).? All of these
applications take advantage of the excellent thermal and/or
electrical properties of AIN. Specifically, ceramic substrates
for power ICs utilize the high thermal conductivity and me-
chanical rigidity of AIN.* Resonator applications exploit the
piezoelectricity of crystalline AIN together with its dielectric
proper‘[ies.5 Finally, some LEDs utilize AIN as a strain
buffer and nucleation material between Si substrates and
subsequent GaN layers,® and as a part of active photon emit-
ting structures down to the UV range.’

AIN can be fabricated by various methods including
“bulk material fabrication” methods, such as carbothermal
nitridation of Al,O5 and subsequent sintering,®® or by thin
film deposition methods such as sputtering'® or metalorganic
chemical vapor deposition."" More recently, plasma-
enhanced atomic layer deposition (PEALD) has been
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demonstrated as an alternative method for AIN deposi-
tion.'>? The AIN process is also available for thermal ALD
but in that case the source material selection is limited and
above 400 °C deposition temperatures are required.'> In con-
trast, the attractive properties of PEALD films include low
temperature processing (typically below 300°C), thus
increasing the choice of precursors and materials, enabling
tunable material properties, and still allowing the typical
ALD thickness control below 1 nm accuracy.23 For instance,
varying the ratio of the N,:H, plasma precursor could offer
opportunities in controlling AIN properties. Previous
research shows that PEALD AIN films could be
polycrystalline'* or amorphous'® around 200°C deposition
temperature. Furthermore, the deposited films typically con-
tain high amounts of hydrogen ranging up to 20 at. %. Other
impurities can also be present due to nonideal precursor
reactions and imperfect isolation of the reaction chamber
from the ambient.””> Some of the incorporated impurities are
volatile in higher temperatures causing instability of the
films due to outgassing or increased chemical reactivity of
the AIN, which in turn would cause deterioration in the
performance of the final application. Moreover, the
impurziiies can also be connected to the crystallinity of the
films.

© 2016 American Vacuum Society 041506-1
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The stability and oxidation of AIN produced via the
more-established methods have been studied: Lin er al.”
studied the oxidation behavior of sputtered AIN in various
atmospheres (air, nitrogen gas with ~107> atm O, partial
pressure, and forming gas with <10~ atm O, partial pres-
sure) between 700 and 1200 °C. They concluded that the oxi-
dation of the films started at 900 °C in air and was shifted to
above 1000°C in a nitrogen-rich environment. The films
became completely oxidized, composed of rhombohedral
a-Al,Os, after two hours of annealing at 1100 °C when the
annealing atmosphere was air, but were only partially oxi-
dized at 1200 °C when using the forming gas. Similar results
have been reported by Ansart et al.*® who concluded that no
chemical alterations of AIN deposited with plasma-enhanced
CVD took place below 850 °C in air and that transformation
to «-Al,Oj3 took place rapidly above 1100 °C in air. Dalmau
et al.* reported AIN to form a thin layer (~1nm) of AIOOH
at room temperature under ambient-air exposure. This layer
then approached the stoichiometry of Al,O; when annealed
under vacuum in higher temperatures. Furthermore, Wang
et al.®® have shown the hydrogen content of sputtered AIN
films to affect the hydrolysis of the films under ambient-air
storage.

In contrast to the more established thin film deposition
methods, little is known on the annealing behavior of
PEALD AIN films. Especially of interest are how the impur-
ities of PEALD AIN films behave at higher temperatures,
and how the impurities affect the structure of the films. The
scope of this paper is thus to investigate the changes in the
chemical composition and structure of PEALD AIN films
when they undergo thermal treatments. The analysis is fur-
ther correlated with various AIN film properties—refractive
index, density, and thermal stability (in the form of thickness
change). The results may be utilized in improving the mate-
rial quality of the as-deposited films, in predicting reliability
in demanding environments, and optimizing other manufac-
turing processes that could take place after the AIN
deposition.

Il. EXPERIMENT
A. ALD setup and annealing

Aluminum nitride films were deposited on (100) silicon
wafers with native oxides in a Picosun R-200 ALD reactor
with a remote inductively coupled plasma configuration at a
base pressure of 2hPa (2 mbar). A loadlock connected to a
cluster tool was used to deliver the substrates into the reactor
chamber in order to reduce the amount of ambient impur-
ities, especially water vapor (later, a minor leak in the water
line valve was found which introduced some ambient air
impurities to the films). Trimethylaluminum (TMA) (>98%
purity) and N,:H, plasma radicals were used as the precur-
sors while the carrier and purge gases were Ar and N,. The
TMA source was kept at 23 °C. The deposition temperature
was fixed at 200 °C and plasma power to 2500 W for all of
the PEALD runs.

The PEALD runs were completed with two differing
plasma flow ratios. In the case of a 1:1 N,:H, flow ratio, the
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flow rates for TMA and N,:H, were set to 150 and 45:45
sccm, while in a 3:1 N,:H, case those were 130 and 75:25
sccm. In addition, the N, and Ar carrier gas flows from the
metal precursor lines and plasma gas lines were 40 and 100
sccm, respectively, during the runs.

The saturated, self-terminating film growth of the 1:1
flow ratio sample was achieved with TMA and N,:H, pulse/
purges which, respectively, were 0.1/6 and 13/2 s, producing
a growth-per-cycle (GPC) of 0.63 A/cycle on a 150mm Si
wafer. In the case of the 3:1 flow ratio, the precursor pulse/
purges were 0.1/6 and 10.5/3 s, respectively, with a GPC of
0.64 A/cycle on a 100 mm Si wafer. The actual plasma expo-
sure time was 12 s in the first case and 8 s in the latter.

The AIN films were annealed for 1 h at soak temperatures
of 400, 600, 800, and 1000 °C in high vacuum (HV) condi-
tions (it < 107° mbar) in a furnace (Webb Red Devil M).
The ramp rate used in the experiments was approximately
16 K/min. The vacuum turbomolecular pump had a pumping
speed of 2401/s, and the chamber had a volume of approxi-
mately 15 1. The nominal vacuum gauge operation range was
reported to be from 10~ mbar to 1 atm. The chemical stabil-
ity of AIN is especially affected by the partial pressures of
oxygen and nitrogen. The manufacturer provided data of the
residual gases in the range of 0-90amu at 1200 °C during
stable high vacuum conditions. According to the data, the re-
sidual oxygen partial pressure inside the chamber is clearly
below 107 mbar.

B. Thin film characterization

An ellipsometer (Plasmos SD 2300) was used to measure
the thicknesses and refractive indices of the thin films. The
ellipsometer utilized 632.8 nm He-Ne laser as the light
source while the angle of incidence was fixed to 70°. The
thickness and refractive index values were determined from
the measured optical parameters and initially assumed values
by the ellipsometer software using automatic iterative data
fitting method based on a one-layer AIN-on-Si model.

X-ray reflectivity (XRR) and x-ray diffraction (XRD)
analyses were carried out with an x-ray diffractometer
(Philips X Pert Pro) utilizing the Cu K, radiation. XRR was
employed in measuring the density and XRD in defining the
crystallinity of the PEALD AIN films. The measured XRR
curves were fitted using Parratt’s formalism to extract the
density of the films. An in-house developed software was
used to find the best fit.>” All fits were done on a one-layer
model in order to capture the average changes in the den-
sities. XRD was conducted in the Bragg—Brentano geometry
scanning over a broad range of the 0-20 of the typical reflec-
tions in the AIN-Al,O5 systems. The structure and crystallin-
ity were also further studied by preparing cross-sectional
transmission electron microscopy (TEM) samples. The prep-
aration was performed either by using a focused ion beam
(FEI Helios NanoLab 600 FIB) system or by mechanical
polishing and ion milling. TEM studies were conducted ei-
ther at 300kV with an image Ci-corrected FEI Titan® G2
60-300 TEM or at 200kV with a FEI Tecnai F20-FEGTEM
S-Twin TEM. Evaluation of the crystallinity was based on
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visual inspection of the high resolution TEM (HRTEM)
images and fast Fourier transform (FFT) images.

Film composition analyses were carried out with time-
of-flight elastic recoil detection analysis (ToF-ERDA,
University of Jyviskyld*®) and Fourier transform infrared
(FTIR) spectroscopy. ToF-ERDA measurements with
13.6 MeV **Cu’" ions were utilized in obtaining quantitative
information of the films’ elemental composition, including
hydrogen concentration. However, ToF-ERDA does not give
information on the chemical binding states of the elements.
For example, it is not possible to differentiate between solute
hydrogen and hydrogen in different hydroxide species. FTIR
was thus used to evaluate the possible chemical compounds
in the film. The FTIR analyses were conducted with a
Thermo Electron Corporation Nicolet 380 FTIR spectrome-
ter. The measurements were conducted by collecting a back-
ground with 64 scans after which the actual scans were
collected with 128 scans. All of the scans were conducted on
wavenumbers 400-4000cm ', The resolution was 4cm ™.
After each measurement, the background was removed from
the scans.

Finally, thermal desorption spectroscopy (TDS) was
briefly utilized to confirm hydrogen desorption from one of
the films. This was done in order to validate the system,
which has been more extensively used for bulk metallic sam-
ples, for future thin film research. The TDS apparatus is pre-
sented in detail in Ref. 31. Briefly, the system consists of an
ultrahigh vacuum (UHV) chamber equipped with a small
vacuum furnace and an air-lock vacuum chamber for speci-
men supply. The pumping system has an effective pumping
rate of 6.6 x 1072 m’/s. A personal computer using LAB VIEW
based software is used for controlling a mass spectrometer
unit and the furnace heating rate. The basic vacuum in the
UHV chamber is kept at a level of 7 x 10~ mbar. The heat-
ing system provides direct control of the specimen tempera-
ture in the temperature range from room temperature to
1000 °C with a heating rate from 1 to 10 K/min.

Ill. RESULTS AND DISCUSSION
A. Refractive index, density, and thickness

The evolution of the refractive indices, densities, and
thicknesses of the two sample types (i.e., 1:1 and 3:1 N,:H,
flow) were studied as a function of the annealing tempera-
ture. The original thicknesses and nonuniformities for the
1:1 flow sample were 84 nm and 2.2%, and for the 3:1 sam-
ple 53nm and 1.4% (nine measurements on the 100 mm wa-
fer and 15 measurements on the 150 mm wafer). Figures 1
and 2 present the XRR density and the ellipsometer refrac-
tive index measurements. The values represent average val-
ues of the whole films (i.e., one-layer models). The error
bars in the density calculations represent the uncertainty
associated with fitting the simulated curves to the measure-
ments. For refractive index, the error bars are =1 standard
deviation (*1 o). Each annealed refractive index data point
consists of two measurements conducted on four or more
1 x 1 cm chips. Both graphs depict the decrease in the den-
sity of the films initially, after which the density starts to
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Fic. 1. (Color online) Development of density and refractive index as a
function of annealing temperature for 1:1 N:H, gas flow AIN films.

increase surpassing the initial density when annealed at
1000 °C. In contrast, the refractive index of the 1:1 N,:H,
films monotonically decreases, whereas in the 3:1 sample,
the changes in the refractive index are less pronounced with
a slight increase toward 1000 °C.

Both the refractive index and the density of the samples
are lower than the values for bulk AIN (~2.1 and 3.25¢g/
cm®, respectively).>? This behavior is expected for thin films
which might not be completely crystalline (less dense pack-
ing) and have various impurities. The magnitude of the re-
fractive index is mainly dictated by the density and the
polarizability of the ions.>® Therefore, if no material changes
take place (i.e., no change in polarizability), a higher density
would lead to a higher refractive index. Indeed, the 3:1
N,:H, flow samples display such a straightforward relation;
the changes in the refractive index follow the changes in the
density. The 1:1 N,:H, samples initially follow this pattern;
both the refractive index and the density decrease until the
600 °C anneal. After 800 and 1000 °C thermal treatments,
the density of the 1:1 N,:H, samples increases notably while
the refractive index further decreases. This implies that the
polarizability of the ions decreases, which in turn implies
chemical or structural changes in the thin film. For example,
o-Al,O5 (corundum phase) has a higher density but a lower
refractive index than wurtzite AIN. Al,O5 is also more stable
than AIN at higher temperatures. The initial decrease in the
density of the samples is likely due to outgassing of volatile
products that are embedded in the films due to nonideal
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Fic. 2. (Color online) Development of density and refractive index as a
function of annealing temperature for 3:1 N,:H, gas flow AIN films.
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precursor reactions. The densification at the higher annealing
temperatures may be related to crystallization phenomena or
chemical changes (e.g., alumina formation) in the films. On
the contrary, the refractive index and density behavior of the
3:1 N,:H; film is more stable during the thermal treatments.
Therefore, the as-deposited structure is closer to the higher
temperature stable structure such as alumina.

The thicknesses of the films were also observed to change
due to the annealing treatments (Fig. 3). Two dies per each
thermal treatment were measured with the ellipsometer. The
dies were from random parts of the wafers, i.e., the original
thicknesses had minor deviations from die to die due to the
nonuniformity of the deposited AIN films. Therefore, Fig. 3
presents the average change in the thickness of two dies due
to respective annealing treatments. The original thicknesses
of the films were not considered to markedly affect the thick-
ness change, i.e., surface layers were mainly considered to
participate in evaporation. Furthermore, the films were
thought to be thick enough to have enough species that could
react by either diffusing to the surface or reacting with gase-
ous species diffusing into the film from the annealing cham-
ber before the annealing stopped, i.e., the films not reaching
thermodynamic equilibrium.

Both of the AIN films have similar thickness decrease af-
ter annealing up to 800 °C, indicating that the evaporating
species are the same in both films. The density changes play
a role also in the thicknesses of the films, and the total pro-
cess is not straightforward to interpret. Nevertheless, the
changes in the thicknesses of the films are not negligible.
Such behavior would potentially affect the performance of a
device relying on precise thickness-property tailoring. In
1000 °C, the 3:1 N,:H, AIN film further decreases in thick-
ness following almost a linear relationship. However, the
decrease in the thickness of the 1:1 N,:H, AIN film is close
to that of annealing in 400°C after the 1000°C anneal.
Therefore, the assumption of having enough species in the
film for constant mass transport to the surface may not be
accurate anymore.

B. Composition and structure

The composition and microstructure of the PEALD AIN
films were analyzed in the as-deposited state and after the
thermal treatments. The analyses were conducted utilizing
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FiG. 3. (Color online) Decrease in the thickness of the AIN films due to
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FiG. 4. (Color online) ToF-ERDA elemental composition data of 1:1 N»:H,
flow AIN films as a function of annealing temperature.

ToF-ERDA depth profiling (quantitative element concentra-
tion), FTIR spectroscopy (qualitative information on chemical
constituents), XRD (crystallinity), and HRTEM (crystallinity,
crystal size, and homogeneity). Figures 4 and 5 present
ToF-ERDA-measured average film compositions of the as-
deposited and annealed films. The 200 °C annealing tempera-
ture represents the as-deposited state, i.e., the 200 °C thermal
treatment is due to the ALD in situ temperature. Given error
bars are due to the statistics and partly due to the ion-induced
losses from the thinnest films during the measurements.

Both films follow similar behavior with respect to the
annealing temperature. Clearly, extensive amounts of hydro-
gen desorption or diffusion into silicon takes place between
400 and 600°C. The hydrogen that diffuses away from the
films could be solute hydrogen in the matrix either in inter-
stitial space or as substitutional atoms in the AIN lattice, in
hydroxide compounds, in nonideally reacted TMA ligands
or other organic compounds, and any combination of these.
TDS is one method to study the desorption kinetics of hydro-
gen. TDS was utilized here in order to verify hydrogen de-
sorption (Fig. 6). Ramp rate used in the experiment was 6 K/
min. The slower ramp rate compared to the HV furnace
experiments (16 K/min) may have affected the peak desorp-
tion temperature. One example of an in-depth analysis of H
desorption and trapping in Al is presented by Young and

3:1 Ny:H,
45
40
35 [
30
25

--Al &N —&-H —-0 C

Concentration (at.%)

200 300 400 500 600 700 800 900 1000
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annealing treatments. Error bars represent *1 standard deviation. The 1:1
flow ratio film has the large error at 800 °C.

Fic. 5. (Color online) ToF-ERDA elemental composition data of 3:1 N,:H,
flow AIN films as a function of annealing temperature.
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Fic. 6. (Color online) TDS of the 3:1 flow ratio AIN film. TDS measurement
indicated that hydrogen is likely embedded in the film in three main species
(three bumps in the graph C at approximately 230, 350, and 490 °C). Graph
C represents a measurement with subtracted exponential background and Si
substrate.

Scully.** Different thermal activation energies of different
hydrogen species produce desorption rate peaks at different
temperatures. Therefore, Fig. 6 would indicate that three
main H species exist in the 3:1 flow ratio AIN film.
However, AIN deposited on Si may produce also more com-
plicated reaction paths for the hydrogen desorption as there
is diffusion into and reaction with the substrate. In order to
utilize TDS accurately, it would be advisable to remove the
film off the substrate.

After annealing at 600 °C, the hydrogen content and den-
sity of the 1:1 Ny:H, flow AIN film are at the minimum and
the AL:N ratio has approached the 1:1 stoichiometric ratio.
Interestingly, there is a slight increase in hydrogen toward
1000 °C annealing. Furthermore, the nitrogen content of the
film starts to decrease at and above 800 °C annealing while
the amount of oxygen increases. The 3:1 flow samples exhib-
its similar behavior though the hydrogen content continues
to further decrease toward 800°C annealing. Furthermore,
the 3:1 flow samples contain more oxygen in both the as-
deposited state, and after 1000 °C annealing compared to the
1:1 flow samples. However, this difference may arise from
the surface and the AIN-Si interface oxide. These oxide
layers could play a larger role in the total oxide content of
the thinner 3:1 flow film. This may also reflect on the den-
sity, refractive index, and thickness decrease behavior of the
3:1 film. Nevertheless, the lower initial oxygen in the 1:1
flow samples may originate from the extra hydrogen acting
as a getter for the contaminant oxygen in the reactor (the oxi-
dation of AIN is affected by the partial pressures of N, and
0,). Similar behavior has been demonstrated for sputtered
and CVD AIN.*>?°

The change in the oxygen content likely reflects also on
the density changes of the samples; the 1:1 flow samples
have larger changes in the density. The effects on the
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refractive index are not as pronounced in either of the sam-
ple types and the total changes are in the range of a couple
percent. Both sample types start to oxidize at approximately
600 °C. It is rather surprising, however, that the transition
seems to happen at a rather low temperature since typically
the reported temperatures have been over 800 °C depending
on the annealing atmosphere. The films are, however, not as
dense as bulk AIN and contain impurities which can alter the
reactivity of AIN. Moreover, the thermal treatments may
render the films more reactive toward the ambient after the
annealing. Finally, the amount of carbon impurities
decreases most notably after 1000 °C annealing in both sam-
ple types.

Figure 7 presents the evolution of the AIN film depth pro-
files due to the thermal treatments. Only the as-deposited
and 1000°C annealing depth-profiles are presented here
since the differences in the depth-profiles are not as marked
in the lower temperatures. Most notably, the films contain an
oxidized surface and interface after deposition and room
temperature storage. After higher temperature (starting at
600°C) thermal treatments, the films begin to oxidize
through the whole thicknesses and the oxygen peak at the
surface begins to level out. In addition, the ToF-ERDA data
analysis showed an increase in the total amount of oxygen.
Therefore, the oxidation must be due to reactions either with
ambient oxygen after the thermal treatments or residual oxy-
gen in the HV furnace.

The decrease in the H and C content after annealing hap-
pens rather homogeneously and no marked concentration pro-
files were exhibited by the films. The observations are in
agreement with the refractive index and density measure-
ments of the 1:1 flow ratio film, i.e., the films begin to oxidize
forming a denser but less polarizable structure. The thickness
decrease observation is also in line with this as the thickness
decrease is bound to slow as alumina is stable at high temper-
atures. However, considering the increased amount of hydro-
gen after 1000°C annealing hydroxide formation during
storage cannot be excluded either. Nevertheless, the unit cell
volume for wurtzite AIN is 41.7 A3, whereas for corundum
and bayerite, they are more than 200 A’ (data retrieved from
the ICSD database).>’>° We propose that the difference in
the amount of hydrogen after the 1000 °C annealing and the
thickness change in the samples is connected as follows: The
1:1 film has a less stable high temperature composition which
ends up forming hydroxide (even below surface) in room tem-
perature storage after the higher temperature annealing. The
hydroxide formation will slow down the measured thickness
decrease. The 3:1, on the other hand, has a composition more
stable in higher temperature (more oxygen) which does not
form hydroxide below surface in storage. The continued
thickness decrease would then be a consequence of the sur-
face layers slowly evaporating.

The FTIR measurements and analysis were conducted to
the two different N,:H, flow ratio sample sets. Figures 8
and 9 present the FTIR transmission spectra of these sam-
ples. The proposed IR band assignments are presented in
Table I. Two generic observations can be made. First, the
valley or peak forms around 2360 cm ™', which are present
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1000°C.

in all of the samples, can be assigned to CO, IR absorption
and is caused by the deviating CO, levels in the measurement
chamber.** Second, the relatively strong valleys around
1110cm ™" can be credited to Si-O stretching vibrations likely
arising from the native oxides of the substrates,'®*! Also,
other interpretations have been given to this band such as the
v(C-N),* and the v(AlI-OH),* and it is possible that the effect
of all three molecules are superimposed to this valley.
However, especially the AI-OH is not very likely since O-H
group associated absorption is not visible in the higher wave-
numbers of 3200cm . It is still noteworthy that the intensity
of the 1110cm™' valley reduces after the annealing at
1000°C, which could be assigned to thermal decomposition

As-deposited

400 °C

600 °C

800 °C

1000 °C

|

Transmission intensity (a.u.)

4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000 750 500
Wavenumber (cm)

Fic. 8. FTIR transmission spectra for 1:1 Ny:H, flow ratio PEALD AIN
annealing series.
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of Si—O bonds. Indeed, according to the standard Gibbs free
energy of formation at 1000 °C, the formation of a-Al,Oj3 is
almost twice as preferred as the formation of SiO, and more
than six times favorable than that of AIN.**

Both of the N,:H, flow ratio annealing series exhibited
similar FTIR spectra. In the low energy end of the spectra,
the typical IR phonon modes of AIN are present and in good
agreement with the previous research:***” The valleys at
669 and 615cm™' can be assigned to the E1(TO) and
A1(TO) modes, respectively. Moreover, the broad valley at
885 cm ' can be associated with the A1(LO) mode.

The presence of both longitudinal and transverse optical
phonon modes can be explained by random bonding of AIN.

CO, N=N C-H, Si-O AN, Al-O
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Fic. 9. FTIR transmission spectra for 3:1 Ny:H, flow ratio PEALD AIN
annealing series.
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TaBLE I. IR assignments of the identified vibration modes. The stretching
and bending modes are denoted v and 9, respectively. The TO and LO acro-
nyms of Al-N refer to transverse and longitudinal optical phonon modes.

Wave number (cm™}) Vibration mode Assignment References
615 AI(TO) AlI-N 44 and 47
669 E1(TO) Al-N 44 and 47
735 V(Al-0) Al-O 18 and 52
885 A1(LO) Al-N 44-46
960 V(Al-0) Al-O 49 and 52
1110 v(Si-0) Si-O 18 and 41
1380 d4(C-H) —CH;/=CH 48
1450 9,(C-H) —CH;/=CH, 22 and 48
2135 V(N=N) Al-N, 28 and 49
2360 (CO,) CO, (gas) 40

However, the A1(TO) seems to be the dominant mode in the
spectra. The mode is excited by the electrical field parallel to
the wurtzite c-axis [(002) plane]. Therefore, it is possible
that the AIN films are preferentially a-plane-oriented.
A-plane preferential growth on Si has also been shown with
other PEALD AIN.'%!® It is also possible that the differing
AIN mode intensities are caused simply by a higher absorp-
tion probability of the A1(TO) mode at 615cm ™. It is note-
worthy that there is no notable evolution in these phonon
valleys with respect to annealing below 1000°C or the
N,:H, flow ratios. However, the samples annealed at
1000 °C show clear reduction of the AIN valley intensities. It
thus seems that the films maintain their AIN chemical bond-
ing characteristics until annealing at 1000 °C.

The FTIR spectra valleys at 1450cm ', and much weaker
ones at 1380cm ™', can be attributed to asymmetric and sym-
metric bending modes, respectively, of methyl, methylene, and
methyne groups.*® These saturated aliphatic compounds are
common impurities in thin films deposited with TMA-based
processes.'> Their existence is supported by the ToF-ERDA
data showing clear presence of carbon and hydrogen. Besides
these valleys, there is no clear presence of other characteristic
aliphatic IR modes between 2800 and 3000cm'.**** The
characteristic bands do not show alterations with respect to
annealing at 800 °C. However, at 1000 °C, the valleys of these
groups are significantly reduced in intensity possibly due to
outgassing of these groups as gaseous carbohydrates. This is
also supported by the ToF-ERDA data which show a clear
reduction in carbon atomic concentration. It should be noted
that other interpretations have also been given to these modes.
Mazur and Cleary* contributed the 1446 and 1288 cm
FTIR peaks to bending modes of N-H complex in NH; and
NH, " molecules. In the context of this study, this is however
less likely since the bending modes of NH molecules are not
observed around 3300 cm™'.?* Previous studies have also pro-
posed that the integrated peak area of this N-H band is propor-
tional to the amount of bonded hydrogen in AIN:H films.**>°
However, assuming that the hydrogen content would be low
due to the lack of hydrogen-related bands can give an errone-
ous interpretation of the total hydrogen content. Therefore,
such conclusion made by Alevli et al. based on their x-ray
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photoelectron spectroscopy and FTIR analysis about their
PEALD AIN is questionable."

A broad FTIR valley ranging from 2280 to 2060cm '
and having the center around 2135cm ™' is present in the
samples from the as-deposited to the samples annealed at
800 °C. This mode can be attributed to »(N=N) vibrations of
the Al-N, complex.”®*’ The FTIR valleys exhibit a clear
shift to higher wavenumbers and broadening as the anneal-
ing temperature increases. This applies to both 1:1 and 3:1
flow ratio samples. The shift may be attributed to increased
tensile stress in the films but was not measured in this
study.”" The origin of the Al-N, complex has been demon-
strated to be due to N,H 4 ions, originating from N,:H, high
density plasma deposition.”® Remarkably, this valley has
completely vanished in the samples annealed at 1000 °C,
indicating that the dinitrogen complexes have decomposed
entirely. It is likely that these triple nitrogen bonds play a
major role in the chemical stability of the films.

Interestingly, in the 1000 °C samples’ FTIR data, the dis-
appearance of the »(N=N) coincides with the manifestation
of a very broad (4000-2000 cm ") FTIR band with the mini-
mum of the valley at 3200cm ™. It is thus possible that the
decomposing N=N bonds resulted in N, desorption, Al-
dangling bonds, and H terminated nitrogen sites.”® This
instead have been reported to make AIN:H thin films more
prone to hydrolysis reaction through the ambient air mois-
ture. Hydrolysis leads to the formation of Al-O-OH and/or
Al(OH); and NHj3;, which all are present around the broad
band at 3200 cm ™~ '.28¢ Indeed, the observed decrease in the
refractive index, stoichiometry closer to aluminum hydrox-
ide (O/H-ratio of 17/12 at. %), the increased density, and the
hindered thickness decrease in the 1000°C annealed, 1:1
flow ratio sample, all support the claim of higher degree of
hydrolysis of the AIN:H compared to the 3:1 sample. The
reason why the 3:1 sample showed a minor increase in the
refractive index in higher annealing temperatures and contin-
ued reduction of thickness could be explained with the
higher original oxygen content which stabilized the structure
against hydrolysis due to N=N decomposition.

Additional sources for the oxygen impurities in the
PEALD AIN films can include the oxygen impurities during
the deposition and the residual oxygen adsorbed during the
annealing. Therefore, the deep valley at 735cm ™" in all of
the FTIR spectra can be attributed to stretching band of Al-O
complex.lg’52 In addition, a much weaker band at 960 cm !
could also be assigned to similar alumina groups.**~>
However, there is no clear evolvement of these valleys with
respect to annealing temperatures or the N,:H, flow ratio
alterations except that at 1000 °C the intensity of 735cm ™"
valley has diminished. These valleys can be seen as a part of
a much broader Al,O; valley that lies approximately
between 1000 and 250 cm ™", thus including the AIN phonon
modes.*? It is difficult to determine the exact structure of the
AlOy from this region which has many bands superimposed.
Also, the FTIR system utilized could not reach the range
500-250cm ' where many of the oxide modes have been
reported to recede. Still, quite well supported is the presence
of alumina transition phases of AlOg and AlO, stretching
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Fic. 10. HRTEM images of the AIN films. (a) 1:1 N,:H, as-deposited. (b) 1:1 N,:H, annealed at 1000 °C. The smallest objective aperture was used in the over-
view image to maximize the diffraction contrast. A thin amorphous layer exists between the Si and crystallizing film. (c) 3:1 N,:H, as-deposited. (d) 3:1 N,:H,
flow sample annealed at 1000 °C (the sample is from a different deposition run and was used in a bonding experiment but is included here to highlight the
changes in the micro/nanostructure). The lamella was aligned according to a zone axis of the top Si making the interface at the bottom hazy due to the mis-

alignment between the top and bottom Si.

bands having broad minimum transmission bands around
605 and 800 cm™".*?

No XRD peaks were found in the samples. Examining
previous studies on PEALD AIN deposited at various tem-
peratures reveals that typically the films are found to be crys-
talline. More specifically, usually PEALD films with a high
AL:N ratio (>0.9) are found to be crystalline,13_21 whereas
AIN films with a low ratio (<0.9) are not found to be crystal-
line.">? The additional nitrogen beyond the stoichiometric
1:1 ratio can be thought to be an impurity which affects the
stability of the amorphous structure. Furthermore, carbon
has been shown to affect the crystallinity of other ALD films
by stabilizing the amorphous structure, whereas Cl and H
content have been shown to have little effect on the crystal-
linity.>* However, linking the crystallinity solely to the
amount of one element, such as carbon, is not reasonable.
For example, crystalline ALD AIN was deposited in the
studies of Motamedi and Cadien,'®'? who also had approxi-
mately 3 at. % C (and 9 at. % O), yet their AIN was crystal-
line. Furthermore, the Al:N ratio in their studies was ~1.5.
Indeed, some elements may have a stabilizing effect on the
amorphous structures while others can promote crystalliza-
tion. Such observations have also been made on transition
metals by noting that the amorphous structure is stabilized
by added impurities such as B, C, N, Si, and p.334
Nevertheless, four TEM samples were imaged to observe the
nanostructure of the AIN films and its evolution during
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annealing treatments. The samples were prepared from the
as-deposited films and films annealed at 1000 °C. Especially,
the crystallinity and texture of the crystallites were of inter-
est since the XRD analysis was inconclusive but FTIR indi-
cated the films to have a textured nanostructure. Figure 10
presents HRTEM micrographs of the four samples.

The as-deposited films show distinct contrast at the surface
due to the oxide-rich layer of the films, i.e., 10-20 nm thick
being thicker in the 1:1 samples. The top oxide layer levels
out into the films according to the ERDA depth profiles. This
manifests as a thinner surface layer in Fig. 10(b). The sample
in Fig. 10(d) is not fully comparable but also shows a leveled
out contrast at the bond interface (top side). Furthermore, the
nanostructure in all of the samples is amorphous in the as-
deposited state with little crystallization taking place after
annealing at 1000°C for 1 h. It is noteworthy that during
imaging prolonged exposure to the TEM electron beam caused
crystallization in the as-deposited samples. Finally, the FFT of
Fig. 10(b) was investigated in pursuit of defining the crystal
structure. However, no reasonable match was found when
comparing the d spacings to the most probable compounds
(wurtzite and cubic AN, «-Al,0O3, and cubic spinel AION).

IV. SUMMARY AND CONCLUSIONS

AIN films were deposited utilizing PEALD with a TMA,
N,:H, process at 200°C. Two differing flow values were
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used for the N,:H, precursor. The resulting AIN films were
evaluated in a comparative manner in the as-deposited and
vacuum-annealed states. Both of the films had similar char-
acteristics (nanostructure and chemical composition), but
exhibited slightly different annealing behavior. However, the
observations can be summarized as follows:

(1) The as-deposited films contained up to 20 at. % hydro-
gen most of which started to effuse during >400 °C tem-
perature treatments in high vacuum conditions. Most of
the hydrogen in the films was not IR active and did not
manifest clearly in the FTIR spectra.

(2) The films began to oxidize after thermal treatments at
600 °C and above. The oxidation behavior was likely
affected by the impurities, and chemical bonding state of
the impurities in the films.

(3) After annealing at 1000 °C, the dinitrogen triple bonds in
the films broke. This caused increased reactivity and
thus possible hydrolysis of the films.

(4) The films were amorphous with some crystallization tak-
ing place after 1 h annealing at 1000 °C. The crystallinity
of the films was affected by the additional N and C
impurities in the films which likely stabilized the amor-
phous structure.

(5) The refractive indices and densities of the films changed,
but no straightforward correlation was established
between them. The films decreased in thickness by evap-
orating into the vacuum during annealing.

The purpose of the thermal treatments was to investigate
the stability of the PEALD AIN films, deposited at a typical
temperature of 200°C, under elevated temperatures, which
could be endured during processes such as bonding, doping
activation, and operation in highly demanding environments.
The results can also be exploited in improving the quality of
the as-deposited films. For example, in order to drive most of
the hydrogen out of the films without additional large-scale
oxidation of the films, vacuum-annealing at 550-650 °C could
be recommended. However, crystallizing the PEALD AIN
into polycrystalline hexagonal form, when starting from simi-
lar composition as in this study, requires at least an inert,
gettering-type, gas environment, such as forming gas (N,, H,
mixture). Such gas environment might not be sufficient
though as additional hydrolysis may take place after the ther-
mal treatment.
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