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Abstract Conductive TiN shells have been depos-
ited on SiO, nanoparticles (10-20 nm primary particle
size) with fluidized bed atomic layer deposition using
TDMAT and NH; as precursors. Analysis of the
powders confirms that shell growth saturates at
approximately 0.4 nm/cycle at TDMAT doses of
>1.2 mmol/g of powder. TEM and XPS analysis
showed that all particles were coated with homoge-
neous shells containing titanium. Due to the large
specific surface area of the nanoparticles, the TiN
shells rapidly oxidize upon exposure to air. Electrical
measurements show that the partially oxidized shells
are conducting, with apparent resistivity of approxi-
mately ~ 11 kQ cm. The resistivity of the powders is
strongly influenced by the NH; dose, with a smaller
dose giving an order-of-magnitude higher resistivity.
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Introduction

Nanoparticles and nanoparticle assemblies are the
cornerstones of current material science and engineer-
ing. The nanometer size and structure provide prop-
erties and functionalities that make the particles
interesting for a wide variety of potential applications
such as microelectronics, solar energy conversion,
sensors, catalysis, and batteries. Much research is
being done on the synthesis of core—shell materials, in
which the core and the shell are made of different
materials and have different functionalities. For
example, the shells can be used for corrosion protec-
tion (Amarnath et al. 2013; Khurshid et al. 2013; Ma
etal. 2010; Magdassi et al. 2010) or improved catalytic
performance, (Tedsree et al. 2011; Zhang et al. 2012)
whereas the bulk can be used as optical absorption
center, (Ma et al. 2010) intercalation material for
charge storage, (Ren et al. 2008) or inert support
material.

When used in microelectronic devices, a low
resistivity of the nanoparticle assemblies and the
ability to fabricate good electrical contacts to the
nanoparticles are crucial for proper functioning. This
can be very challenging to achieve. One solution is to
coat the nanoparticles with a thin, electrically con-
ducting layer using fluidized bed atomic layer depo-
sition (FB-ALD). This technique, developed by Wank
et al. (2004), combines the wide range of materials that
can be deposited with ALD with the ability to coat
large amounts of nanoparticles without having the
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diffusional limitations of ALD coatings in fixed beds
(Longrie et al. 2014a) and the scalability provided by
fluidized bed reactors (van Ommen et al. 2010). ALD
offers the possibility to grow ultra-thin coatings of a
wide variety of materials in a controlled, atomic layer-
by-atomic layer fashion. Earlier research by Hakim
et al. shows that with this technique, through the
process of dynamic aggregation of nanoparticle
agglomerates, it is possible to coat individual nano-
particles with homogeneous layers (Hakim et al.
2005a, b, ¢).

In this paper, we report on the ALD of conductive
TiN shells on non-conducting SiO, nanoparticles with
a fluidized bed reactor. TiN is a low-cost material that
is, e.g., used as diffusion barrier for Cu or Al in silicon-
based microelectronics and can be deposited at the
relatively low temperatures required for nanoparticle
processing by metal-organic ALD. Due to its con-
ductivity, TiN also shows enhanced surface plasmon
effects (Cortie et al. 2010) that can be useful in
applications such as sensors and photocatalysis
(Boriskina et al. 2013). Furthermore, TiN coatings,
deposited with conventional ALD have been reported
to improve the performance of batteries made with
lithium titanate spinel nanoparticles (Snyder et al.
2007).

We have deposited the material with a low-
temperature process using tetrakis (dimethylamino-)
titanium (TDMAT) and NH; as precursors. This
chemistry was chosen over the more common TiCly
deposition process because of the large amounts of by-
products that are formed due to the large specific
surface area of the powder. When TiCly is used, large
amounts of highly corrosive HCI are formed that can
damage downstream equipment. Furthermore, the use
of TDMAT also avoids contamination of the powder
with NH4Cl, which is known to form in TiCl,-based
processes (Elers et al. 2002). Thermal ALD was used
rather than plasma-enhanced ALD, even though PE-
ALD should give superior coating quality on nanopar-
ticles (Longrie et al. 2014b), because it allows for a
less complicated reactor design that is more easily
scaled up.

We will show that the chosen chemistry and reactor
design results in self-limiting growth of the TiN shells.
Although the TiN layers almost completely oxidize
after prolonged exposure to air, we find that the SiO,—
TiN particle network is electrically conducting. These
results represent a step forward in highly controlled
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gas-phase deposition of electrically conducting shells
on powder-based nanoparticles.

Experimental

TiN coatings were deposited on SiO, nanoparticles
with a specific surface area of 90 m%/g and an average
diameter of ~25 nm (Aerosil 90, Evonik) using the
fluidized bed ALD reactor described elsewhere (Did-
den et al. 2014). Before deposition, the minimum
fluidization velocity was determined by measuring the
pressure drop at different Ar flow rates. TDMAT
(SAFC hitech, electronic grade) and dried, gaseous
NH; (Linde gas, grade 3.8) were used as precursors.
NHj; is dried by leading it through a CaO absorption
bed to prevent oxidation of the TiN films by water
present in the gas. TDMAT was admitted to the reactor
by bubbling 1 sccm (standard cubic centimeter per
minute) of Ar through the bubbler. The bubbler
temperature was 80 °C to ensure sufficient vapor
pressure, and the precursor supply lines were kept at
90 °C to prevent condensation. A constant additional
flow of Ar (1.5 sccm) was fed into the reactor to assist
in the fluidization of the particles. The ammonia was
delivered by a mass flow controller with a flow range
of 0-3 sccm that was equipped with NHjs-resistant
Buna-N seals. The reactor was operated at 150 °C and
0.5 mbar. The temperature was selected in such a way
that, according to the literature on TDMAT-NHj;
processes,(Elam et al. 2003; Fillot et al. 2005;
Miikkulainen et al. 2013; Musschoot et al. 2009) high
growth rates could be obtained without running the
risk of TDMAT decomposition in the gas phase and
concomitant unsaturated film growth.

The ALD reaction scheme of the TDMAT pulse —
purge — NHj pulse — Purge cycles is given in
Table 1. The number of cycles determines the layer
thickness. After the last cycle (ending with a NHj
pulse), a prolonged purge step was used to ensure that
the reactor was completely free of TDMAT and NH;
before being opened to recover the particles.

The Ti content of the powder was determined by
first completely oxidizing the TiN to TiO, by anneal-
ing it at 250 °C in air for 6 h and then dissolving the
TiO, in hot sulfuric acid before measuring the
concentration of dissolved Ti with the UV/Vis method
described elsewhere (Didden et al. 2014). The core—
shell structure was investigated in a transmission
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Table 1 Process scheme of FB-ALD reaction

Reaction step TDMAT pulse Purge NH; pulse Purge
Time 600-1800 s 300 s 300 s 300 s
Ar flow 2.5 sccm 2.5 sccm 2.5 sccm 2.5 sccm
TDMAT flow ~0.45 sccm® 0 0

NH; flow 0 sccm 0 sccm 1-3 sccm 0 scem

? Estimated value, calculated by the method described elsewhere (Didden et al. 2014)

electron microscope (TEM, Zeiss Libra 200FE)
equipped with an Omega-type energy filter. Zero-loss
filtered images as well as elemental maps were
acquired (Heil and Kohl 2010) using the Ti-L,3,
N-K, and O-K edge, respectively.

X-ray photoelectron spectroscopy (XPS) measure-
ments were carried out with a Specs XR50 X-ray
source (Mg Ka radiation) and a Phoibos 100 analyzer.

The conductivity of the powder was assessed by
pressing a small amount of powder between two plates
of conductive glass (F-doped SnO,, TEC-15, 15 Ohm/
square, Hartford Glass Co.) after which the resistance
was measured with a digital multimeter (Keithley
model 2001). The electrode area was 45 mm? and the
distance between the plates 50 um. Control experi-
ments were done with uncoated Aerosil 90, pure TiN
powder (Sigma Aldrich, <3 pm particle size), and
pure TiO, (Aeroxide P25, Evonik).

Results and discussion
Oxidation of TiN shell

After the deposition process, the powders have a very
dark green—brown color that is similar to that of fine
TiN powder. When opening the reactor after the
deposition, the powder rapidly changed to a light-
brown color upon contact with air. As thin porous TiN
films are known to oxidize at the grain boundaries
when brought into contact with air, (Elam et al. 2003;
Logothetidis et al. 1999; Zhao et al. 2000) this is most
likely due to oxidation of the TiN to TiO,Nj,. The latter
phase indeed has a light-brown to yellow color.

The fast oxidation of ALD-TiN in air means that
special care has to be taken when removing the TiN-
coated SiO, particles from the reactor. During the first
test experiments, the nanoparticles burn red hot when

opening the reactor too quickly. The result was a
sintered piece of nanoparticle material. The temper-
ature increase is attributed to the large amount
of heat produced during the oxidation reaction:
TiN + O, — TiO, + %N, (AG® = —581 kJ/mol,
AH = —607 kJ/mol). To illustrate how oxidation of a
relatively thin shell of a nanopowder can indeed cause
significant heating, we consider a batch of 0.5 gram
Si0, powder. With a heat capacity of 0.75 J/(gK) for
Si0,, (Hayes and Lide 2015) the total energy required
to heat this batch of powder from room temperature
(25 °C) to 700 °C is 253 J. This energy can be
provided by oxidizing 26 mg of TiN-TiO,, which
corresponds to 5.2 % of the total mass of the powder.
This translates to a ~0.4 nm TiN shell around a
90-nm diameter SiO, particle, assuming both materi-
als are fully dense. This surprisingly small number
clearly shows that even incomplete oxidation of a thin
TiN shell can generate enough heat to let the powder
become red hot upon exposure to air (especially
when the reaction accelerates itself due to thermal
runaway).

To slow down the oxidation reaction, we filled the
reactor very slowly with air. Opening the reactor
slowly does not completely prevent the oxidation, but
it slows down the reaction rate and thus prevents the
powder from burning and sintering.

Film growth rate

If film growth occurs in the self-limiting growth
regime that is characteristic for ALD, the TiN layer
thickness should be independent from the TDMAT
dose. To verify this, batches of 0.5 g powder were
coated with 50 ALD cycles using different TDMAT
dosages while keeping the NH; dose constant. The
TDMAT flow is calculated from the Ar flow, the
pressure in the precursor bubbler, and the saturated
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vapor pressure of TDMAT, with the method described
previously (Didden et al. 2014). The base gas flow rate
used for fluidization was 2.5 sccm, and this did not
include the additional gas flow due to the precursor
doses. The gas flow rate was thus well above the
measured minimum fluidization flow rate of 1.5 sccm
determined by measuring the gas flow at which the
pressure drop remains constant (see Fig. 1).

The concentration of TiN is calculated from the
total amount Ti in the powder as measured by UV—Vis.
The data presented in Fig. 2 show that the growth of
TiN saturates at TDMAT doses >1.2 mmol/g/cycle,
indicating that we indeed operate in the self-limiting
growth regime.

The growth per cycle (GPC) can be estimated from
the mass fraction x by using the equation:

dO X pSi02+] _1> (1)

GPC=—1/
2N( 1 —x prin

In this equation, dj is the primary particle diameter
(nm), N the number of cycles, and pg;o, and pr;v the
density of SiO, and TiN, respectively. The derivation
of this equation can be found in the appendix. The
density of amorphous SiO is 2.65 g/cm’, (Hayes and
Lide 2015), whereas for the density of ALD-TiN, an
estimated value of 3.0 g/cm? (as reported in literature
for thermal TDMAT-NHj; deposition processes) (Fil-
Iot et al. 2005; Miikkulainen et al. 2013) was used. The
estimated primary particle size, based on a specific
surface area of 90 m%/g and a density of 2.65 g/cm®, is
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Fig. 1 Pressure drop as a function of the Ar flow. The crossing
point of the lines indicates the minimum fluidization velocity
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Fig. 2 Concentration of TiN on particles in relation to the
TDMAT dose. The mass fractions were measured after 50 ALD
cycles for all datapoints. The NH; pulse time was 300 s at a flow
rate of 1 sccm. The reactor was operated at 150 °C and 0.5 mbar

25 nm. With this particle diameter, the GPC is equal to
approximately 0.4 A/cycle. This value is in the lower
range of the 0.4-1.2 A/cycle growth rates reported in
the literature for thermal TDMAT/NH; ALD pro-
cesses (Elam et al. 2003; Fillot et al. 2005; Musschoot
et al. 2009).

The efficiency of precursor use is calculated by
comparing the precursor dose per gram to the mass
fraction of TiN. The mass fraction is 0.4, which means
that the total amount of TiN deposited is S mmol, and
the deposition efficiency of TDMAT is approximately
16.7 %. For NHj, the efficiency is much higher,
roughly 50 % of the nitrogen atoms admitted into the
reactor as NHj3 ends up in the film. This is much lower
than the near 100 % efficiency that one would
normally expect for fluidized bed ALD processes
(King et al. 2007).

Possible explanations for the lower GPC and
efficiency are growth inhibition in the first deposition
cycles, or incomplete coverage of the particles due to
clustering of the nanoparticles (agglomeration).
Growth inhibition may occur, but since the GPC
actually decreases after 20 cycles (vide infra), it seems
unlikely that this can explain the low deposition
efficiencies. Agglomeration would lead to some
particles being blocked from contact with the gas.
While we cannot rule this out completely, we found no
indication whatsoever of partially coated particles in
our TEM analysis (vide infra). This is consistent with
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the process of dynamic aggregation as described by
Hakim et al., suggestion that our SiO, powders only
form so-called ‘soft aggregates’ that can be broken up
by the fluidization process (Hakim et al. 2005a, b, c).
Another possible cause for the low efficiency is the
presence of inhomogeneities in the fluidized bed,
which would reduce the mass transfer rate between the
gas phase and the particle surface. In a homogenously
fluidized bed, mass transfer is usually not rate limiting
because the residence time of the gas is orders of
magnitude longer than the time scale at which mass
transfer takes place. The presence of large gas bubbles
and channeling effects can, however, lead to poor
mass transfer between gas phase and particle surface
and, hence, poor precursor efficiency (Grillo et al.
2015). Although we cannot rule this out, visual
inspection of the bed and the data in Fig. 1 did not
give any indication of inhomogeneous fluidization.
Besides agglomeration and bed inhomogeneities,
there is a growth limitation that is inherent to the
TDMAT process. Dimethylamine—a by-product of
the deposition reaction—is known to adsorb strongly
on TiN surfaces and in such a way block TDMAT
absorption sites. (Okada and George 1999) Due to the
intimate contact between the gas phase and the
particles, this effect is more strongly present in
fluidized bed ALD reactors than in conventional
ALD reactors. The difference between the processes
is depicted in Fig. 3. In conventional ALD (on fixed

Fig. 3 Removal of a DMA
molecule by sweep gas in a
“conventional” ALD
reactor with a single
substrate and a fluidized bed Conventional ALD
ALD reactor filled with

particles. Once a TDMAT

molecule has attached to the

substrate surface, the

Fluidized bed ALD

substrates), re-adsorption of dimethylamine is usually
not a major issue because, as soon as the DMA
molecules are released from the surface; they are
quickly transported to the reactor exit by the feed gas
and do not get a chance to re-adsorb to the substrate.
However, in a fluidized bed reactor, a dimethylamine
molecule will have to pass many particles on its way to
the exit, dramatically increasing the chance to re-
adsorb on a particle surface. While the increased
chance of (re-)adsorption of precursor molecules is the
reason that precursor efficiency is usually extremely
high in fluidized bed reactors, we believe that the re-
adsorption of reaction by-products which block the
adsorption sites is the reason that the GPC and the
precursor efficiency are rather low for the TDMAT-
NH; FB-ALD process.

Knowing the saturated growth rate to be 0.4 A/cy—
cle, the next step is to determine whether this growth
rate remains constant with increasing number of
cycles. To investigate this, batches with identical
TDMAT and NH; doses (1200 and 300 s pulses,
respectively) but with different number of ALD cycles
have been prepared. The data presented in Fig. 4 (red
squares) show that the TiN mass fraction increases
with increasing amount of cycles. The growth rate,
however, strongly decreases after depositing 50
cycles, as indicated by the black circles in Fig. 4.

The decreasing average growth rates could indicate
that growth enhancement rather than growth inhibition

"

released DMA molecule has
to travel through the reactor }.

to the exit
.

\
Ff

1
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Fig. 4 TiN mass fraction (squares) and growth per cycle
(circles) with constant 1200 s TDMAT and 300 s NH3 dose.
(The lines serve as a guide to the eye). The maximum achievable
growth rate per cycle as calculated from the TDMAT and NH;
doses is indicated by the dashed line. (Color figure online)

is occurring during the first cycles. This phenomenon
has been reported before for TiN-ALD ALD on Si
wafers with TDMAT and NHj as precursors (Muss-
choot et al. 2009).

Another explanation could be underexposure to
either TDMAT or NH;. To illustrate this, assume that
the respective exposures of TDMAT and NH; are x
and y mol per cycle, and that x < y. Then, a maximum
TiN deposition rate of x mol per cycle can be achieved.
During cycle n, the total amount of TiN per cycle x has
to be deposited on a surface area A, _ ; causing an
increase in particle diameter and, concomitantly,
surface area. Assuming that the increase in particle
diameter is much smaller than the particle size, the
surface area of the particles after cycle n can be
estimated with the equation:

2
(do + pm%4>
dg

An = Asp (2)
In which Ay, is the total specific surface area for the
current batch of powder (m2), dy is the average
diameter (m) of the uncoated particles, and p,, is the
molar density (mol/m?). A NHj; dose of 300 s at a rate
of 1 sccm equals 1.3 mmol of NH3, which means that,
if all NHj is used, a maximum TiN growth rate of

@ Springer

1.3 mmol per cycle can be achieved [x in Eq. (2)]. The
resulting maximum growth per cycle in Angstroms is
given in Fig. 4 (dotted line). The calculated GPC
shows a similar decay with increasing number of
cycles as the experimentally determined GPC, which
confirms that under-dosing is indeed a possible
explanation for the decrease in GPC. However, since
only 16 and 50 % of the admitted TMDAT and NH;
shows up in the deposited shells, respectively, it seems
unlikely that the observed decrease in GPC is caused
by under-dosing.

A third reason is that the reduced growth rate can
be found in improper fluidization of the particles.
When the particle bed is not properly fluidized, gas
can by-pass the particle beds, limiting the chances
of contact between precursor molecules and parti-
cles. The fluidization of particles is influenced by
their density, diameter, and the Van der Waals
forces between the particle agglomerates. The
presence of a conducting TiN shell will influence
the density and attractive forces of the particles.
Because TiN has a higher density than SiO,, the
density of coated particles and agglomerates is also
higher, making them more difficult to fluidize.
Furthermore, attractive van der Waals forces (F,qw)
between particles are material dependent. This
dependency is characterized by the Hamaker con-
stant Ay in the equation:

AHR
F, W =——=
d 1242 3)

in which R is the sphere radius and a the separation
between the particles. The theoretical Hamaker con-
stant of TiN is approximately 2-3 times higher than
that of SiO,. (Eichenlaub et al. 2002) This means that
the attractive forces will increase during TiN deposi-
tion, which will negatively influence the ability of the
powders to be properly fluidized. (Visser 1989) This
will reduce the exposure of the particles to TDMAT.

It should be noted here that the exact specific
surface area of the batch is unknown and that such
measurements would be unreliable due to the rapid
oxidation of the particles and the concomitant increase
in shell thickness, particle diameter, and specific area.
Analysis of reactor effluent composition by, e.g., mass
spectrometry should provide more clear insight in the
causes of the low efficiency and decline in GPC (King
et al. 2007). This technique was, however, not
available to us during this study.
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A:100 cycles 1200 s TDMAT pulse
B: 50 cycles 600 s TDMAT pulse
C: 50 cycles 1200 s TDMAT pulse

Intensity (a.u.)
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Fig. 5 XPS analysis of three different core—shell powders
produced under different circumstances. The letters A, B, and
C in the graph correspond to that in Table 2. The curves are
offset for clarity

Shell composition and structure

Three TiN-coated powders, prepared with varying
number of ALD cycles and precursor pulse lengths,
were removed from the reactor and analyzed with
XPS. The results of the XPS analysis, presented in
Fig. 5, show that all powders contain Ti and N. This
provides compelling evidence that some form of
titanium nitride has been deposited. At the same time,
the strong O signal indicates that, at least part of, the
TiN shells were oxidized. This probably occurred
when opening the reactor and during transport from
the reactor to the XPS system.

The unavoidable oxidation of the TiN shell makes it
impossible to confirm whether the deposited phase is
TiN, TizN4 or TiO,N,. However, oxide formation
during the deposition reaction is highly unlikely
because the lack of oxygen-containing compounds
during reaction.

Integration of the XPS peaks with dedicated
software shows that the surface of the particles in
certain cases contain traces of Si (<8.8 atom % for
sample B, green curve). This is tentatively attributed to
the fact that the penetration depth of the XPS signal
(~3 nm) may slightly exceed the film thickness.
However, we cannot rule out the possibility that the
shells are not completely closed, so that some of the
underlying SiO; is still exposed.

The homogeneity of the shells was investigated
with TEM. The bright-field TEM image of particles
treated with 100 ALD cycles given in Fig. 6a shows a
well-defined core—shell structure for all particles. The
shell thickness is highly homogeneous and has a value
of approximately 4-5 nm, which is higher than the
value estimated from the TiN mass fraction of the
powder. This difference is most likely due to the
(partial) oxidation of the TiN film, or to the fact that
the TiN films are not fully dense. Figure 6b—d depict
the elemental distribution of O, Ti, and N, respec-
tively, for the particles. The higher Ti signals at the
edges of the particle silhouettes in figure (c) prove that
Ti abundance is indeed higher in the surface layer of
the particles. The N distribution shows that the
concentration of N-atoms is not homogeneously
distributed over the different particles. Furthermore,
the overall concentration of N-atoms seems much

Table 2 Overview of

. Powder A B C
sample preparation
conditions and atomic Cycles 100 100 100
fractions according to the
analysis of the XPS results NH; flow ! ! !
TDMAT pulse time (s) 1200 600 1200
Weight fraction TiN® 0.32 0.24 0.29

Atomic comp. (%) (peak area)
Cls
Nls TiN
Ols SiO2
Si2s Si02
Ti2p TiO2
Ratio Si/Ti
Ratio N/Ti

The numbers in brackets
give the peak area in the
XPS measurements

% Before contact with air

46.9 (24,592) 45.7 (15,730) 47.2 (27,676)

8 (7043) 3.6 (2091) 6.9 (6766)
35.8 (46,112) 38.8 (32,820) 38 (54.,744)
3.2 (1744) 8.8 (3106) 3.2 (1907)
6.1 (22,274) 3.1 (7462) 4.8 (19,855)
0.5 2.8 0.7

1.3 1.2 1.4
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(c)

(d)

Fig. 6 a zero-loss filtered TEM bright-field images of SiO,—
TiO, nanoparticles after 100 cycles ALD clearly showing the
core—shell structure. Images b, ¢, and d show the O, Ti, and N
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High NH3 dose -
Aerosil 90
P25 TiO2-

Bulk TiN powder -]

Small NH3 dose -

Fig. 7 Resistance of core—shell powder synthesized with a
small and a high NH; dose and control samples of pure TiN,
uncoated Aerosil powder, and P25 TiO,
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distributions, respectively, as obtained by elemental mapping.
The light (yellow) dots indicate presence of O, Ti, and N. (Color
figure online)

lower than the Ti concentration. The O distribution
(Fig. 6b) is quite homogeneous over the particle, and
the shells are not clearly visible. This confirms that the
indeed the Ti on the shell was oxidized. This is in
agreement with the XPS analysis and is attributed to
(partial) oxidation of the TiN upon exposure to air.

Shell conductivity

To verify that the TiN coating is conductive, the
electrical resistance of small amounts (approximately
10 mg) of powder pressed between two 45 mm?
conducting glass (FTO) electrodes was measured
and compared to control samples. The results given
in Fig. 7 show that a resistance of 10 MQ was
measured for particles produced with a NH; dose of
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Fig. 8 Illustration of an electron path through a layer of core—
shell particles

300 s per cycle at 1 sccm, whereas 300 s flow at
3 sccm resulted in a resistance of 1 kQ.

For comparison, the resistances of commercial TiN,
Si0,, and TiO, powders were measured as well. The
commercial TiN powder has a negligible resistance;
the measured value of 40 Q is due to the resistance of
the FTO glass. This is consistent with small bulk
resistivity of TiN (typically less than 100 pQ cm)
from which a powder resistance of <1 € is expected.
The resistance of the Aerosil powder is beyond the
measuring range of the multimeter (200 MQ),
whereas P-25 TiO, has a resistance of 2 MQ. These
results clearly show that the TiN shell, even after being
partially oxidized, greatly improves the overall con-
ductivity of the SiO, powder.

Assuming a powder fill fraction of ~30 % and a
TiN volume fraction in the particles of approximately
45 % (assuming a 2.6 nm shell of pure TiN on a 25 nm
particle) an apparent TiN resistivity of 11 kQ cm is
calculated using the equation p = RAeVy/L, in
which ¢ is the volume fraction of powder (—), VN
is the assumed volume fraction TiN in the powder (—),
A is the area of the measurement electrodes
(0.45 cmz), and L is the length between the two
measurement electrodes (0.005 cm). The measured
resistivity of the layer of core—shell particles is thus
several orders of magnitude higher than that of bulk
TiN, for which the resistivity typically is less than
100 pQ cm and ALD-TiN, for which the resistivity is
typically in the order of mQ cm—-Q cm. (Elam et al.
2003; Elers et al. 2005; Kim 2003; Langereis et al.
2006; Musschoot et al. 2009) The much larger

resistance can be caused by different factors. First of
all, the resistivity of ALD-TiN depends strongly on the
deposition conditions: deposition temperature, NH;
exposure, and use of plasma-enhanced ALD influence
the film structure and impurity concentration in the
film (Elam et al. 2003; Elers et al. 2005; Langereis
et al. 2006). Earlier work on thermal and plasma-
enhanced TiN deposition on nanoparticles even
showed that the resistivity of TiN coatings deposited
with thermal ALD was so large, it could not be
measured (Longrie et al. 2014b). The influence of
deposition conditions is also demonstrated in this work
by the difference in resistance between the sample
with a small and large NH; dose. Furthermore, the
resistivity of thin TiN films varies strongly with film
thickness and is seen to increase sharply at thicknesses
smaller than 10 nm (as measured with in situ ellip-
sometry during ALD) (Langereis et al. 2006) or even
below 50 nm (measured ex situ with four-point probe
measurements) (Assaud et al. 2014). But the most
important factor that increases the resistivity of the
films is likely to be the oxidized layer on top of the
partially oxidized TiN shell (depicted in Fig. 8). The
insulating oxide layer forms a large potential barrier
between two particles that will have a large effect on
the total resistance of the powder. Furthermore, the
presence of uncoated particles could also affect the
apparent resistivity of the material, although it is not
expected to have the order-of-magnitude influence
that is measured here. We did not, however, investi-
gate this in more detail.

Conclusions

We have successfully deposited conductive TiN shells
on SiO, nanoparticles with fluidized bed atomic layer
deposition. The growth saturated at approximately
0.4 ;\/cycle after 50 cycles with high TDMAT dosage.
The growth rate decreased when the number of cycles
increased. The particles have the desired core—shell
structure and XPS measurements confirm that we
indeed have deposited a coating containing Ti and N.
However, exposure of the TiN-SiO, core—shell
nanoparticles to air rapidly oxidizes the TiN to
TiO,N,, which prevented unequivocal identification
of the deposited TiN phase. The (partially oxidized)
TiN shells are electrically conducting with an apparent
resistivity of >10 kQ cm. This resistivity is much

@ Springer
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higher than expected for pure TiN shells, which is
attributed to the (partial) oxidation of TiN.
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Appendix

The mass fraction x is defined as the ratio of the shell

mass and the total mass of the core—shell particle.
Mghell
XTiN = e . (4)
Mghell + Mcore

The mass of the core is equal to

T

Meore = P5i0, gdSOre' (5)
The mass of the shell is equal to
v
Mshell = PTIN 6 ((dCore + 2dsh€ll)3_d§ore) . (6)

Using Eq. (5) and (6) into (4) yields

((dcore + 2dshell)3 - dgore)

(dcore + sthell)3 - dgore) + £si0p d3

XTiN =
( prin —COre
Rewriting this equation yields

deore 3/ X Psio
d, = =2 4+1-1]. 8
shell = T % prme + (8)

Assuming a constant growth rate (GPC) one can
relate the shell thickness to the amount of cycles N.

dshell = N x GPC. (9)

This results in

GPC — dcore 3
2N

o ps"2+1—1>. (10)
1 —x prin
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