EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Atomic layer deposition of aluminum fluoride using Al(CH3)4
and SFg plasma

Citation for published version (APA):

Vos, M. F. J., Knoops, H. C. M., Synowicki, R. A., Kessels, W. M. M., & Mackus, A. J. M. (2017). Atomic layer
deposmon of aluminum fluoride using Al(CH ) and SF plasma App//ed PhySICS Letters, 111(11), Article
113105. https://doi.org/10.1063/1.4998577 3

DOI:
10.1063/1.4998577

Document status and date:
Published: 11/09/2017

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 16. Nov. 2023


https://doi.org/10.1063/1.4998577
https://doi.org/10.1063/1.4998577
https://research.tue.nl/en/publications/78b19db6-2a14-4d58-986a-8df79e56f736

Atomic layer deposition of aluminum fluoride using Al(CH3)3 and SFg plasma

M. F. J. Vos, H. C. M. Knoops, R. A. Synowicki, W. M. M. Kessels, and A. J. M. Mackus

Citation: Appl. Phys. Lett. 111, 113105 (2017); doi: 10.1063/1.4998577
View online: http://dx.doi.org/10.1063/1.4998577

View Table of Contents: http://aip.scitation.org/toc/apl/111/11
Published by the American Institute of Physics

Articles you may be interested in

Effect of oxygen plasma on nanomechanical silicon nitride resonators
Applied Physics Letters 111, 063103 (2017); 10.1063/1.4989775

Valence-band offsets of CoTiSb/Ing 53Gag.47As and CoTiSb/Ing 52Alg 48As heterojunctions
Applied Physics Letters 111, 061605 (2017); 10.1063/1.4985200

Structural and optical characterization of AIGaN multiple quantum wells grown on semipolar (20-21) bulk AIN
substrate

Applied Physics Letters 111, 111101 (2017); 10.1063/1.4985156

Resonant tunneling and multiple negative differential conductance features in long wavelength interband
cascade infrared photodetectors

Applied Physics Letters 111, 113504 (2017); 10.1063/1.4994858

Dielectric breakdown field of strained silicon under hydrostatic pressure
Applied Physics Letters 111, 112904 (2017); 10.1063/1.5003344

Epitaxial fabrication of two-dimensional NiSe2 on Ni(111) substrate
Applied Physics Letters 111, 113107 (2017); 10.1063/1.4991065

HIGH-VOLTAGE AMPLIFIERS AND
ELECTROSTATIC VOLTMETERS

ENABLING RESEARCH AND
INNOVATION IN DIELECTRICS,
MICROFLUIDICS,
MATERIALS, PLASMAS AND PIEZOS

www.trekinc.com



http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1946161146/x01/AIP-PT/Trek_APLArticleDL_091317/BANNER_AD_2015_2_darker.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Vos%2C+M+F+J
http://aip.scitation.org/author/Knoops%2C+H+C+M
http://aip.scitation.org/author/Synowicki%2C+R+A
http://aip.scitation.org/author/Kessels%2C+W+M+M
http://aip.scitation.org/author/Mackus%2C+A+J+M
/loi/apl
http://dx.doi.org/10.1063/1.4998577
http://aip.scitation.org/toc/apl/111/11
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.4989775
http://aip.scitation.org/doi/abs/10.1063/1.4985200
http://aip.scitation.org/doi/abs/10.1063/1.4985156
http://aip.scitation.org/doi/abs/10.1063/1.4985156
http://aip.scitation.org/doi/abs/10.1063/1.4994858
http://aip.scitation.org/doi/abs/10.1063/1.4994858
http://aip.scitation.org/doi/abs/10.1063/1.5003344
http://aip.scitation.org/doi/abs/10.1063/1.4991065

APPLIED PHYSICS LETTERS 111, 113105 (2017)

M. F. J. Vos,"® H. C. M. Knoops,? R. A. Synowicki,® W. M. M. Kessels,'

and A. J. M. Mackus"?

'Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

2Oxford Instruments Plasma Technology, North End, Bristol BS49 4AP, United Kingdom

3J.A. Woollam Co., Inc., 645 M Street, Suite 102, Lincoln, Nebraska 68508, USA

(Received 1 August 2017; accepted 1 September 2017; published online 15 September 2017)

Metal fluorides typically have a low refractive index and a very high transparency and find many
applications in optical and optoelectronic devices. Nearly stoichiometric, high-purity AlF; films
were deposited by atomic layer deposition (ALD) using trimethylaluminum [Al(CH3);] and SF¢
plasma. Self-limiting growth was confirmed and the growth per cycle was determined to range
from 1.50 A to 0.55 A for deposition temperatures between 50 °C and 300 °C. In addition, the film
density of ~2.8 gecm > was found to be relatively close to the bulk value of 3.1 gcm ™. Vacuum
ultraviolet spectroscopic ellipsometry measurements over the wavelength range of 140-2275 nm
showed a refractive index n of 1.35 at 633 nm, and an extinction coefficient k of <10™* above
300 nm, for all deposition temperatures. Optical emission spectroscopy during the SFq plasma
exposure step of the ALD cycle revealed the formation of C,H, and CF, species, resulting from the
interaction of the plasma with the surface after AI(CHs3); exposure. On the basis of these results, a
reaction mechanism is proposed in which F radicals from the SF¢ plasma participate in the surface
reactions. Overall, this work demonstrates that SFg plasma is a promising co-reactant for ALD of
metal fluorides, providing an alternative to co-reactants such as metal fluorides, HF, or HF-pyri-
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Metal fluorides such as AlF;, MgF,, and CaF, generally
have a wide bandgap (>10eV) and low refractive index
(1.3-1.6)."™ Due to these properties, they find use in many
optical devices, including waveguides, Bragg reflectors, opti-
cal filters, and mirrors.” ™’ Moreover, metal fluorides have
been used as electron-selective contacts in photovoltaics and
protective layers in Li-ion batteries.'®™'? Thin metal fluoride
films have been deposited using a variety of techniques such
as sputtering, evaporation, and more recently atomic layer
deposition (ALD).

ALD is a chemical vapor deposition technique that is
based on alternating precursor and co-reactant exposures.
Compared to other deposition techniques, ALD offers the
benefits of precise thickness control and the ability to deposit
uniform and conformal films on large-area substrates.'?
These merits can facilitate applications of metal fluorides
such as 3D-nanostructured optical devices and batteries.
Mostly, metal oxides have been explored by ALD, often
using H,0O, O3, or O, plasma as the co-reactant."* Metal
nitrides have also been studied extensively, in this case
mainly with NH;3 gas or H,, N,, and NHs-based plasmas.
The choice of co-reactant is not only important for determin-
ing the type of material that is deposited (oxide, nitride, etc.)
but also since it often affects the deposition conditions (such
as deposition temperature) and the threshold for industrial
implementation. In this respect, ALD of metal fluorides is
more challenging, due to limited choice of suitable co-
reactants. Previously, ALD of fluorides has been demon-
strated using TiF; and TaFs as the F-source for the
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deposition of AlF;, MgF,, CaF,, LiF, and LaF;, which can
be accompanied by Ti or Ta incorporation.'>™'* More
recently, AlF;, ZrF,, MnF,, HfF,, MgF,, and ZnF, have
been deposited by HF either using pure HF or a HF-pyridine
solution.>?2%2! Lee er al. gave insight into the reaction
mechanisms during ALD using HF as the co-reactant and
postulated that HF adsorbed on the surface serves as the
reactive sites for the precursor molecules to bind.*%*'
Moreover, Dumont and George found that the temperature
dependence of the growth per cycle (GPC) can be explained
by the amount of HF adsorbed on AIF;, which decreases
with temperature.22

In this work, SF¢ plasma was explored as the co-reactant
for ALD of metal fluorides. Using trimethylaluminum
[TMA, AI(CHj3)3] as precursor and SF¢ plasma as F-source,
high-purity AlF; films were deposited in an Oxford
Instruments FlexAL™ ALD reactor. It is demonstrated that
this approach is a promising alternative to HF or HF-
pyridine as co-reactant. As compared to thermal ALD, the
use of a plasma as co-reactant generally allows for an
increased GPC at lower temperatures, reduction of the purge
times, and additional control over the material properties.>
SFg is a stable, non-toxic gas that is relatively easy to handle
and therefore commonly applied. The dominant neutral spe-
cies in an inductively coupled SFg plasma are known to be
SF,, F, F,, and SF,, while the dominant ions are SFs" and
F~.*2% The concentration of S and S™ is typically a factor
~10? lower than the concentration of F and F~.*> SF, plas-
mas, as well as other F-containing plasmas such as CF, and
NF;, are extensively used for etching (Si, SiO,, SisNy, ...)
and chamber cleaning, meaning that the existing knowledge
can be utilized for ALD process development. Moreover,

Published by AIP Publishing.
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F-based plasmas are widely available both in research and
manufacturing, which can facilitate the implementation and
scale-up of plasma ALD of metal fluorides.”’

To confirm ALD behavior, the GPC was determined
using in situ spectroscopic ellipsometry (SE) as a function of
TMA dosing time, plasma exposure time, and purge times at
a deposition temperature of 200°C.”® The saturation curve
for the plasma exposure time in Fig. 1 clearly indicates satu-
ration around 5-10s. 20 cycles of Al,O; ALD were per-
formed prior to AlF; deposition to prevent etching of the Si
(100) substrate (see supplementary material). The GPC as a
function of precursor dosing time was found to saturate after
40ms, and self-limiting behavior was also confirmed as a
function of both purge times and for a deposition tempera-
ture of 50 °C (supplementary material, Fig. S1). Based on the
saturation curves, a TMA dose of 80 ms, followed by a purge
step of 65, a plasma exposure of 10s, and a final purge step
of 4 s were used for the remainder of the experiments.

The uniformity and conformality were investigated
(without additional optimization) to further demonstrate the
ALD behavior of the process. Using SE-mapping of a film
deposited on a 200 mm wafer, the thickness and refractive
index non-uniformity (standard deviation, 1 sigma) were
determined to be 3.9% and 0.3%, respectively, which indi-
cates good uniformity (see supplementary material, Fig. S2).
The conformality was studied by depositing AlF; on a GaP
nanowire array and analyzing separated nanowires using
transmission electron microscopy (TEM). The ~7 um long
nanowires were randomly located on the substrate, spaced at
0nm—500 nm (meaning that the ratio between the length and
spacing is 14 or higher). The TEM pictures in the inset of
Fig. 1 clearly show a conformal, ~20 nm thick film along the
full length of a nanowire (see also Fig. S3, supplementary
material). The ratio between the thickness at the bottom and
the top of the nanowire was determined to be >0.9, indicat-
ing a SF¢ plasma can enable conformal deposition on 3D
structures.
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FIG. 1. Growth per cycle (GPC) as a function of plasma exposure time for
a precursor dosing time of 40 ms and a deposition temperature of 200 °C.
The line serves as a guide to the eye. Inset: TEM images of (a) the top and
(b) the middle of a GaP nanowire (~7 um in length) after deposition of a
~20nm AlF; film at 200°C, illustrating the conformality of the ALD
process.
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The effect of the table temperature on the growth of the
AlF; films was investigated by depositing films at tempera-
tures of 50°C, 100°C, 200°C, and 300 °C. The thickness as a
function of ALD cycles in the inset of Fig. 2 shows a linear
behavior for all temperatures as is expected for ALD. The
GPC in terms of thickness as determined from SE in Fig. 2 is
strongly dependent on the table temperature and decreases
from 1.50 A for a temperature of 50°C to 0.55A for 300°C.
The GPC in terms of Al atoms deposited per nm > as deter-
mined from Rutherford backscattering spectroscopy (RBS) fol-
lows a similar trend. This indicates that the decrease in GPC is
not caused by an increased atomic density at higher tempera-
tures, but rather by reduced precursor adsorption. The decrease
in GPC with temperature is similar to the observations by Lee
et al. and Hennessy et al. for thermal ALD of AlF; using HF
as co-reactant.”*® This trend is likely related to a reduced
amount of HF adsorbed on the surface at higher temperatures,
leading to decreased TMA adsorption in the precursor half-
cycle, which is analogous to dehydroxylation for metal oxide
ALD.*? A transition from AIF; ALD to AlL,O; atomic layer
etching (ALE) at temperatures above 250 °C, as found by Lee
et al., was however not observed. This difference can be
explained by the fact that our actual sample temperature is
lower than the set table temperature due to reduced thermal
contact in vacuum (see also the supplementary material).

Table I summarizes the properties of the AlF; films as
determined by a combination of SE, RBS, and elastic recoil
detection (ERD) measurements. No significant impurity lev-
els of S, O, and C were detected in the AlF; films using
RBS, even for low deposition temperatures. The S-content
was found to be 0.5at. % for a deposition temperature of
50°C and decreased to below the detection limit for 300 °C.
The minimal amount of S incorporation can be explained by
the difference in reactivity of F and S. From a comparison of
the electronegativity and electron affinity of F and S it
becomes evident that it is much more likely to incorporate
F.29:30 Furthermore, RBS measurements showed a F/Al ratio
of 2.9-3.1 and an O content of around 0.5-1at. %. From
ERD, the H content of the AlF; films was determined to be
between 3.2at. % and 1.3at. %. These results are in
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FIG. 2. Growth per cycle (GPC) as a function of substrate table temperature
in terms of thickness as determined from SE (left axis) and deposited Al
atoms per nm? as measured by RBS (right axis). The lines serve as guides to
the eye. Inset: Thickness as a function of ALD cycles for deposition temper-
atures between 50 °C and 300 °C.
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TABLE I. Properties of AlF; films for deposition temperatures between 50 °C and 300 °C. The growth per cycle (GPC) in terms of Al atoms nm’zcycle’l and
the chemical composition were determined from RBS and ERD, the refractive index from VUV-SE, and the mass density by combining the RBS and SE
results. Typical errors are indicated in the top row, unless the error varies with temperature.

Deposition

temperature (°C) GPC (A) GPC (Al at. nm™2) F/Al [S] (at. %) [H] (at. %) Mass density (g-cm’3) Refractive index
50 1.50 £ 0.05 33+03 3.1+05 0.5+0.1 32+0.8 2.8+£0.3 1.35 £0.01
100 1.13 23+02 3.1 0.3 23+0.5 2.7 1.34

200 0.85 1.9+02 2.9 0.2 1.7+0.3 2.9 1.35

300 0.55 1.2 £0.1 2.9 0.0 1.3+0.2 2.7 1.35

agreement with XPS measurements (see supplementary
material, Fig. S4). Using the RBS, ERD, and SE data, the den-
sity of the films was calculated to be between 2.7 gcm ™ and
2.9 gem >, which is relatively close to the AIF; bulk value of
3.1 gem . Moreover, atomic force microscopy (AFM) meas-
urements indicated very smooth films with root mean square
(RMS) roughness values <0.2nm (see supplementary mate-
rial, Fig. S5). Grazing-incidence X-ray diffraction (XRD)
measurements revealed that the films were amorphous for all
deposition temperatures (see supplementary material, Fig.
S6). Note that the obtained properties are very similar to the
results reported for AIF; ALD using HF as co-reactant.””
Figure 3 shows the optical properties as obtained from
vacuum ultraviolet (VUV)-SE measurements for an AlF;
film deposited at 200 °C.*' The refractive index n is ~1.35 at
633nm (1.96eV), and the film shows a relatively low disper-
sion (i.e., a weak dependence of n on wavelength). The
refractive index values for the other deposition temperatures
are similar with values between 1.34 and 1.36 at 633 nm [see
supplementary material, Fig. S7(a)]. The extinction coeffi-
cient k is <10~° over the wavelength range of 300-2275nm
for a deposition temperature of 200°C (Fig. 3). Moreover,
the inset of Fig. 3 shows low absorption for all other deposi-
tion temperatures, i.e.,<10~* below photon energies of
4.1eV (wavelengths >300nm). The extinction coefficient
for 50 °C is higher than for 100 °C and 200 °C, which might
be related to a higher S content at 50 °C. The reason for the
increased absorption for 300 °C is currently not understood
and requires additional investigation. To obtain a good fit to
the data, a Tauc-Lorentz and two Gaussian oscillators were
needed to describe the dielectric function. The two Gaussian
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FIG. 3. Refractive index 7 and extinction coefficient k as a function of wave-
length as determined from VUV-SE for a ~35nm thick film deposited at a
temperature of 200 °C. Inset: Extinction coefficient k as a function of photon
energy for deposition temperatures between 50 °C and 300 °C.

oscillators used to fit the absorption below the band gap are
visible at photon energies around 6.4eV and 7.8eV (inset
Fig. 3). The presence of an absorption band around 6.4eV
was previously observed by Barriere and Lachter.' Note that
the band gap (>10eV) cannot be determined from the VUV-
SE data since it lies above the maximum photon energy of
8.8 eV. The refractive index values of ~1.35 are in agreement
with AlF; films prepared by ALD using HF and TiF, as the
co-reactants.'®?° Moreover, the obtained n and k values are
close to what can be expected for AlF; and indicate that SFg
plasma enables ALD of high-quality metal fluoride films.'™
To get more insight into the SF¢ plasma as co-reactant
for ALD, Fig. 4 shows optical emission spectrometry (OES)
data collected during a steady-state SFs plasma (no ALD,
i.e., without preceding TMA dosing) and during the plasma
exposure step of an AlF; ALD cycle (i.e., after TMA dos-
ing).* Comparison of the two spectra gives insight in the
consumption and formation of species during the plasma
exposure step of the ALD cycle. The spectrum for the nor-
mal SFg plasma is dominated by characteristic lines for F at
685.6nm, 703.7nm, and 739.9 nm.> In addition, the SF,
band starting at 289.3nm and the S-lines at 469.4nm,
545.4nm, and 564.0 nm can be identified.**3 Furthermore,
H-lines at 486.1 nm and 656.3 nm are present, which can be
attributed to residual background species (e.g., H,O) in the
plasma.33 In the OES spectrum collected during an ALD
cycle (after TMA dosing), additional lines are visible around
250 nm—300 nm, indicating the formation of C,H, and CF,
as reaction products.®>® Moreover, this spectrum shows a
decreased intensity for the F-lines, implying consumption of
F, and an increased intensity for the H-lines, related to exci-
tation of hydrogen from the methyl groups (see supplemen-
tary material, Fig. S8 for a zoomed view of the region
between 650nm and 800nm). These observations indicate
that F radicals react with methyl surface groups during the
SFe plasma exposure step, which leads to the formation of
hydrofluorocarbons (CH,F,_,), both in surface and plasma
reactions. The presence of C,H, can be explained by the
reaction of hydrofluorocarbons in the plasma (see below).””
Based on these findings, and on the work of Lee et al.,20 the
following reactions can be proposed for the two half-cycles:

HF (ads) + AI(CH3)% (g) — AIF(CH3)2 (ads) + CHy (g)» (1a)
AlF(CHg,)z (ads) +F @ — AlF; (s) + HF (ads, g)

+CH,Fyy (g). (1b)

For simplicity, these equations are written unbalanced, and
it is assumed that the hydrofluorocarbon species (CH,F,_,)
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FIG. 4. Optical emission spectra of a SFg plasma (“no ALD”) and a SFq
plasma during an AlIF; ALD cycle (“ALD, after TMA”). In the latter case, in
addition to lines related to the SFq plasma and reaction products, an Ar line
is visible at 811.5 nm, which is due to Ar residing in the chamber after the
preceding purge step. The SF¢ gas flow was set to 50 sccm (instead of 100
sccm) to increase the residence time of the species in the plasma.

contain only one C atom with 0 <y <3. In the first half-
cycle [Eq. (1a)], the TMA molecule reacts with HF adsorbed
on the surface, releasing CH, as product.?” In this way, the
density of HF on the surface determines the amount of TMA
precursor adsorption. The temperature dependence of the HF
surface density can thus explain the decrease of GPC with
temperature.22 Note that Eq. (la) states that one methyl
group is eliminated upon precursor adsorption, although
removal of two or three methyl groups may also be possible.
In the plasma half-cycle [Eq. (1b)], the adsorbed AIF(CH3),
reacts with F radicals from the plasma, forming HF, which
partly remains on the surface, and CH,F, , species, which
are released from the surface and end up in the plasma where
they can be dissociated and form other species. The reaction
mechanism for thermal ALD with HF is different, as only
CH, is produced in both half-cycles.”® Note that the release
of CH, (y=4) as a reaction product in the SFg plasma half-
cycle requires a source of H, such as HF. However, HF is
formed according to reaction (1b) and can enable a second-
ary, thermal reaction pathway, resulting in the release of
CH,. This CH,4 can subsequently react in the plasma to form
C,H,.¥ It is noted that the presence of HF, CH4, C,H,, and
CH,F,_, species was corroborated using quadrupole mass
spectrometry (see supplementary material Fig. S9), as will
be discussed in more detail in a follow-up publication.

In conclusion, it was demonstrated that the ALD process
using TMA and SFg plasma yields high-purity, nearly stoi-
chiometric AlF; films. Self-limiting behavior was confirmed
for all process steps, and the GPC was found to decrease
with temperature. In addition, material properties such as
density and refractive index were found to be in line with lit-
erature reports on AlF3. A reaction mechanism was proposed
where F radicals remove the CHj-ligands and bind to Al to
form AlF;. CH, is released as a reaction product in the pre-
cursor half-cycle, whereas HF and hydrofluorocarbons are
released during the plasma exposure. Considering the high
reactivity of SFg plasma and the low amount of S incorpora-
tion in the films, SFg plasma can likely be used as the co-

Appl. Phys. Lett. 111, 113105 (2017)

reactant for ALD of other metal fluorides such as MgF,, LiF,
and CaF,. Moreover, it can be expected that NF; can be used
similarly. The wide availability and the ease of handling of
these gases make plasma ALD of metal fluorides feasible on
a wide scale.

See supplementary material for the detailed description
of the experimental conditions and additional data on the
ALD behavior and the material properties.
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