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Abstract

The growth of carbon nanotubes (CNTs) on polycrystalline silicon substrates was studied
to improve the design of CNT field emission sources for microelectromechanical systems
(MEMS) applications and vacuum microelectronic devices (VMDs). Microwave plasma-
enhanced chemical vapor deposition (PECVD) was used for CNT growth, resulting in
CNTs that incorporate the catalyst particle at their base. The kinetics of CNT growth on
polysilicon were compared to growth on Si (100) using the model of Deal and Grove,
finding activation energies of 1.61 and 1.54 eV for the nucleation phase of growth and
1.90 and 3.69 eV for the diffusion-limited phase on Si (100) and polysilicon,
respectively. Diffusivity values for growth on polysilicon were notably lower than the
corresponding values on Si (100) and the growth process became diffusion-limited
earlier. Evidence favors a surface diffusion growth mechanism involving diffusion of
carbon precursor species along the length of the CNT forest to the catalyst at the base.
Explanations for the differences in activation energies and diffusivities were elucidated
by SEM analysis of the catalyst nanoparticle arrays and through wide-angle X-ray
scattering (WAXS) of CNT forests. Finally, methods are presented to improve adhesion

of CNT films during operation as field emitters, resulting in a 2.5x improvement.



1. Introduction

Vacuum microelectronic devices (VMDs) and sensors|[ 1-6] present an attractive
alternative to solid-state technology in applications where solid-state devices are
unreliable or do not provide adequate performance. Situations that require high
frequency and high power device performance, or operation in harsh environments such
as high temperature or radiation, are ideal for vacuum microelectronics. While charges
flowing through semiconducting channels tend to scatter, resulting in a loss of power and
signal quality, electrons in a vacuum tube are unaffected by scattering loss[6]. Despite
the performance advantages in certain applications, the use of vacuum electronics has
been limited due to inadequate development of a suitable cathode that can be integrated
into the common vacuum microelectromechanical systems (MEMS) platform. MEMS
devices are fabricated by silicon-based microfabrication techniques[7], are constructed
almost entirely from polycrystalline silicon (polysilicon or poly-Si) to achieve conductive
structures and layered deposition, and can be micromachined into desired architectures.
MEMS; a technology presently used as a platform for many types of navigation,
automotive, and consumer microelectronic devices; offers a versatile and reliable
microscale platform that can allow for integration of a large number of vacuum circuit
elements on a single substrate.

Carbon nanotube (CNT) cold cathode field emitters have been shown to be
excellent candidates for integration with MEMS[8-10] owing to their outstanding
electrical and mechanical properties, allowing for the design and fabrication of complex
and innovative integrated VMDs. To date, however, the factors involved with integrating

CNTs as field emitters, specifically in situ growth of CNTs on polysilicon substrates,



have not been well studied. A scalable and reliable technology requires precise control
over all components and conjoined materials. For CNT field emitters, precise control of
the distance between the cathode and extraction electrode is critical to controlling power
requirements and to avoid electrode shorting and device failure. Understanding CNT
growth mechanisms, kinetics, and adhesion on MEMS substrate materials will enable
seamless integration of CNT technology with existing standard MEMS processing
techniques. CNT diameter, forest density, and length all influence field emission
characteristics. Here, the focus will be on CNT growth kinetics as a means to developing
fine control over these parameters.

While no studies have been performed on the kinetics and mechanisms of CNT
growth on polysilicon, significant research has been performed studying growth kinetics
and mechanisms for CNTs grown on single-crystal silicon by both thermal chemical
vapor deposition (CVD) and plasma-enhanced chemical vapor deposition (PECVD). In
early experiments by Baker ef al.[11] on thermal growth of carbon nanofibers with
catalyst particles fixed at the tips (tip-growth mode), bulk carbon diffusion through the
catalyst was identified as the rate-limiting step due to the similarity of the growth
activation energy with carbon diffusion. Similarly, Chhowalla et al.[12] reported a bulk-
diffusion-limited growth process in tip-growth by PECVD, finding an activation energy
of 1.4 eV and a growth rate that varied inversely with catalyst nanoparticle diameter[13].
Several other groups have reported activation energies in the range of 1.3 — 1.6 eV[14-16]
and others have found the energy barrier to CNT growth closer to 2.2 — 2.4 eV[17-19].
Conversely, in the low-temperature regime (T = 150 — 500 °C), Hofmann et al.[20]

reported a very low activation energy of 0.25 eV for tip-mode PECVD growth,



attributing the low value to surface diffusion of plasma-dissociated precursors across the
catalyst particle. As such, bulk diffusion through the catalyst is not required for
successful CNT growth. While most growth trends are nearly linear, especially for tip-
mode thermal CVD deposition techniques, parabolic growth trends have been observed
as well by several groups[21-24] in thermal CVD. This effect was attributed to gas phase
diffusion-limited deposition. Wirth ez al. found a pressure dependence of p*° and
activation energy of <1 eV for tip-growth thermal CVD[25], attributing observations to
both dissociation of acetylene on the catalyst surface and a rate-limiting step of diffusion
in the catalyst. Surface-diffusion-based growth mechanisms involving carbon precursor
species traveling along the length of growing CNT forests have been described
theoretically by Louchev ef al.[26, 27]. In addition to a lack of literature addressing CNT
growth kinetics on polysilicon substrates, there is little work studying higher temperature
(800 — 900 °C) PECVD base-growth kinetics and mechanisms. Furthermore, there is no
experimental work performed considering a mechanism involving a rate-limiting step of
surface diffusion along the length of the growing CNT forest to the catalyst.

Despite significant efforts to understand CNT growth kinetics on single-crystal Si,
little is known about growth on poly-Si substrates. Therefore, base-mode growth of
CNTs by PECVD was studied on Si (100) and polysilicon substrates, fabricated
identically to those fabricated in the industry-standard Polysilicon Multi-User MEMS
Process, or PolyMUMPs, with the goal of modeling the same type of growth that occurs
on MEMS devices. A parabolic growth trend was observed between CNT forest height
and deposition time, separate activation energies corresponding to different phases of

growth, and present evidence in favor of a growth mechanism dominated by surface



diffusion of carbon precursor along the outer surface of the CNTs, along the length to the
catalyst fixed at the base of the CNT. Data is then presented to explain the causes of
growth differences between CNTs deposited on Si (100) and CNTs deposited on poly-Si.
Finally, thin film interlayers were engineered between the catalyst and the polysilicon

substrate to improve the adhesion of CNT field emitters to the substrate.

2. Experimental

2.1. Substrate Preparation

The single-crystal silicon substrates used for the growth of CNTs in this study
were N-type conductive (100) silicon. The polycrystalline silicon wafers were likewise
fabricated at RTI International using a similar process to standard PolyMUMPs to
replicate the substrate conditions for CNT growth on a MEMS device. A 1 pm thick
polysilicon film was deposited on 500 um thick N-type (100) silicon wafers via low-
pressure CVD (LPCVD) followed by a 200 nm thick sacrificial layer of phosphosilicate
glass (PSQ) to serve as a phosphorus dopant source. The wafer was then annealed at
1050 °C for 1 hour in argon to n-dope the polysilicon as well as release stress in the
polysilicon film formed during the LPCVD process. Next, the substrates were cleaned in
a buffered oxide etch (BOE), rinsed with DI water, and dried with N, gas. All CNT
growth substrates were coated with an iron catalyst layer 5 nm in thickness at RTI
International using a CHA electron beam evaporation system.

Improvements in CNT adhesion to polysilicon substrates were made possible
through the use of 2.5 nm thick metallic layers introduced between the polysilicon

substrates (prepared as described above) and the thin film CNT catalyst. It has also been



shown[28-30] that these interlayers can result in better control of the final CNT film
morphology by reducing catalyst diffusion into the poly-Si substrate during growth, but
this was not directly investigated in this study. In order to compare the adhesion between
CNT films with and without a metallic interlayer, samples of identical dimensions were
fabricated for each of the interlayers, as well as a control sample that contained no
interlayer. A dicing saw was used to precisely define 6.25 mm” substrates. Next, a brief
BOE rinse was performed to remove any residue and then the substrate was loaded into
the CHA electron beam evaporation system to deposit the refractory metal layers and iron
catalyst.

2.2. Carbon Nanotube Growth

Microwave PECVD was employed for the growth of CNT forests on each type of
substrate, which has been described in detail in previous publications [31-36]. In brief,
the process occurs during two steps: heat up and growth. The heat up step involves
raising the substrates to the desired deposition temperature, which is regulated by a
thermocouple located directly under the quartz sample stage, followed by igniting and
tuning a reducing plasma. The plasma is struck under a 100 sccm flow of NHj at the
base reactor pressure (33 mTorr), and tuned to approximately 2.1 kW microwave power
as the pressure in the reactor rises to 21 Torr. During this initial temperature and plasma
ramp, the iron film dewets into catalyst nanoparticles. Following heat up, CHy is
introduced as the carbon-containing precursor at a 150 sccm flow rate and the NH3 flow
is decreased to 50 sccm.

CNTs were grown for different time intervals (1, 2, 3, 4, and 5 minutes) at

temperatures of 825, 850, and 875 °C on both Si (100) and polysilicon for the purpose of



identifying activation energies associated with different stages of growth. An extended
range of deposition times was performed on each substrate at 850 °C in order to identify
the diffusivity values of carbon feedstock through the growing CNT film. All CNTs
possessed bamboo-type inner walls, as seen in Figure 1, and grew by base growth. The
CNTs grown on polysilicon substrates frequently display a region of lower density,

smaller diameter CNTs that extend past the tips of the bulk CNT film (Figure 1 (b)).
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Figure 1: Morphology of CNTs simultaneously grown on a) Si (100) and b) polysilicon
imaged by SEM. c¢) TEM micrograph of a CNT with bamboo-type inner walls, with inset
depicting a catalyst iron nanoparticle embedded within the CNT base. d) Schematic of
field emission test chamber (SMU: source measure unit).



2.3. Characterization Techniques

Scanning electron microscopy was performed with a FEI XL30 SEM-FEG
microscope to measure the CNT film thickness and a FEI Tecnai G* Twin instrument was
used to collect transmission electron microscopy images. Raman spectra were measured
using a Horiba Jobin Yvon LabRam ARAMIS Raman microscope with a 633 nm HeNe
laser. Synchrotron X-ray scattering measurements were performed at beamline 7.3.3 at
the Advanced Light Source using a beam energy of 10 keV and a Mo/B4C
monochromator with the purpose of determining the extent of nanotube alignment.
Alignment was quantified from the anisotropy of WAXS patterns using Herman’s
orientation factor (f)[37] which has a value between 0 and 1. Values closer to 1 indicate a
higher degree of alignment.

2.4. Adhesion Testing

Adhesion of the CNT emitters to the substrate was examined using the standard
American Society for Testing and Materials (ASTM) test methods for measuring
adhesion of thin films[38], which assesses the adhesion of films to substrates by applying
and removing pressure-sensitive tape over the film (3M Magic Tape 810D). This
procedure was combined with spectrophotometer measurements performed after each
tape test in order to measure the reflectance from the underlying sample. More than ten
samples from each interlayer set were tested with 50-60 spectrophotometer measurements
performed on each sample for statistical relevance. The reflectance correlated directly to
the CNT density remaining on the sample after each adhesion test, which provided
quantitative measurements of the degree of adhesion of the CNT film to the substrate.

Each sample was mounted onto a custom 3D-printed sample holder that was designed to
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be compatible with a Shimadzu UV-3600 UV-Vis-NIR Spectrophotometer. The
instrument was operated in reflectance mode, scanning wavelengths between 200 and 700
nm. After the baseline measurements, the sample holder was removed from the
instrument and the first tape test was performed. Constant pressure was applied using
fixed weights that were moved uniformly across the film surface and tape removal speed
was carefully monitored. However, it has been shown[39] that variability in the speed at
which the tape is removed, as well as the variability in applied pressure, do not strongly
impact adhesion evaluation. As a subject for future work, direct measurement of the
peeling force may be added to this analysis for a more robust adhesion data set.
Nonetheless, due to the consistently applied pressure to the tape and the consistent rate of
removal, this method allows for semi-quantitative comparison of the adhesion of the
CNT film with different metal interlayers. After the tape was removed, the sample was
loaded back into the spectrophotometer for another set of reflectance measurements.

This process was repeated until the reflectance measurements saturated, indicating that all

possible CNTs were removed.

3. Results and Discussion

3.1. CNT Growth Kinetics and Activation Energies

A model of the growth kinetics was performed for each substrate in order to
understand the differences between CNT growth on crystalline silicon substrates using
PECVD and the corresponding growth on a polysilicon substrate. A model based on
Fick’s first law for a thin membrane[40] was used in a similar way to the Deal and Grove

model of thermal oxidation of silicon[23, 24, 41]. A more detailed description of the
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model may be found in the Supporting Information. In short, the flux of carbon species
through the boundary consisting of the tip of the CNT forest is given by Fick’s first law
and the diffusion constant for carbon through this boundary layer as well as the thickness
of the boundary are assumed constant in space and time. The steady-state assumption is
also in effect, whereby the flux of carbon species impinging upon the growing CNT array
is assumed equal to the flux of carbon species through the CNT array and also equal to
the flux through the catalyst particle[42]. If N is the number of carbon species that
diffuse into the iron catalyst and are subsequently incorporated into the CNT film and F
is the overall flux, the growth rate of the forest may be expressed as
dL/dt=F|N (1)

The general solution to this expression takes the form

B(t,)=AL+L’ Q)
where 4 and B may be expressed in terms of the diffusivity D, which is proportional to

exp(—Eu /K BT) ks 1s Boltzmann’s constant, 7" is the growth temperature, and 7, is the

growth time[41, 42]. For short growth times, hereafter referred to as the linear region,

equation (2) may be approximated as B(t,.) = AL , and thus the linear rate constant is

B/A. For longer growth times, equation (2) may be approximated as B(z,,) = L’ which

will be referred to as the parabolic growth regime. The parabolic region corresponds to
deposition times when the growing CNT forest presents a barrier to the diffusion of
carbon precursors to the catalyst at the substrate surface, and the linear region
corresponds to all growth times prior. Saturation of the catalyst particle with carbon as
well as nucleation of CNTs occur during the linear phase of growth. From the

relationship between the linear rate constant and the activation energy associated with the
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physical process that occurs during this period (i.e., carbon diffusion into the catalyst and
nucleation of CNTs), the activation energy may be calculated via the slope of the
corresponding Arrhenius plot. Likewise, the activation energy corresponding to the
physical process occurring during the parabolic region (i.e., the diffusion of carbon
feedstock from the gas phase to the catalyst through the growing nanotube forest) may be
determined in the same way using the parabolic rate constant B[42]. The termination
growth regime, existing for growth times exceeding the time steps considered for the
parabolic region, is not discussed here, although reports of CNT growth termination
mechanisms may be found in the literature[43-46].

As discussed in the Experimental Section, to determine the activation energies for
each phase of growth, growth temperatures of 825, 850, and 875 °C were used for
deposition times of 1, 2, 3, 4, and 5 minutes. As such, each point in Figure 2 represents
of five growth data points. During each growth experiment, Si (100) and polysilicon
substrates were loaded simultaneously in the PECVD reactor, and the film thickness for
each was measured by SEM. Figure 2 is the Arrhenius plot displaying the natural
logarithm of both the linear and parabolic rate constants as a function of inverse
temperature. The slope (m) of the Arrhenius curve is related to activation energy by

E,=—Kym . The results of this analysis indicate activation energies during nucleation

Si
corresponding to diffusion of carbon feedstock into the catalyst of Ejin = 1.61 eV on the

poly—Si
Si (100) substrates, and Edin ™ = 1.54 eV on polysilicon substrates. These values closely

match the literature values for bulk diffusion of carbon into y-Fe, which have been
reported in the range of 1.54-1.6 eV[47]. While y-Fe typically does not form below a

temperature of 912 °C[48], the existence of residual carbon in the PECVD reaction
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chamber could allow for the formation of y-Fe rather than a-Fe or a mixed phase. On the

Si
other hand, activation energies from the parabolic growth regime were found to be E ¢ para

poly—Si

= 1.90 ¢V and Eepaa =369 eV for CNTs grown on Si (100) and polysilicon substrates

respectively.
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Figure 2: Arrhenius plot used to determine activation energies corresponding to the linear
and parabolic regions of CNT growth. The slope of the linear region for both substrates
is quite similar and corresponds to bulk diffusion of carbon precursor into the y-Fe
catalyst nanoparticles. The slope in the parabolic region differs between CNTs on Si
(100) and polysilicon, leading to different activation energies for the diffusion-limited
phase of growth. Each data point is a composite of five growth data points.

To understand the physical processes responsible for the increased energy barrier
during CNT growth compared with bulk diffusion occurring during nucleation, as well as
to understand parabolic activation energy differences between growth on each substrate,

the theory of diffusion developed by Deal and Grove[41] was again employed. The

overall growth rate expression used to fit growth rate data is
4B(t,,)
R(1)=0.5A 1+A—2g—1 3)

where R is the height of the CNT forest, #,, is the growth time, and 4 and B are composite

terms previously discussed, defined as
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A=2D/k B=2Dny/n, (4)

D is the diffusivity, £ is the effective rate constant for the conversion of feedstock into
nanotubes, 1y is the concentration of feedstock at the tips of the CNTs as estimated by the
ideal gas law[49], and n, is the density of the deposited nanotubes (0.02 g cm™)[23].

A more robust data set was needed to effectively fit Equation (3), and thus
another growth series was performed at 850 °C with growth times of 20, 30, 40, 50, 60,
120, 240, and 480 s. Equation (3) was fit to the above set of data treating A and B as
constants to determine through the fit. The Levenberg-Marquardt nonlinear least squares
algorithm was used to calculate values of 4 and B, which were subsequently used to
extract diffusivity values (Figure 3). The diffusivity values calculated by this method
were 3.5 x 10™* cm?/s and 7.9 x 10” cm?/s for CNT growth on Si (100) and polysilicon

substrates, respectively.
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Figure 3: CNT forest height kinetics at 850 °C. The solid curves correspond to the fit to

the Deal and Grove expression, with A and B values listed.

To determine the degree to which the growth process is diffusion-limited, a
quantity referred to as the diffusion-limiting factor o was calculated in a similar fashion
to Puretzky et al[23]. The time-dependent term found under the radical in Equation (3)
clearly plays a crucial role in the curvature of the length vs. deposition time curve for a
CNT growth reaction, and is defined as

a(t,)=4Bt, [A* =2nk’, /Dn, (5)

Based on the fit of the Deal and Grove expression, the corresponding values of the

05 =0012t,,

diffusion-limiting factor as a function of growth time are nd

poy-s; = 08341, for growth at 850 °C. In order for the process to be considered
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diffusion-limited, & >>1[23]. Therefore, it is clear that growth of CNTs on polysilicon
becomes diffusion-limited about 10 times faster compared with CNTs grown on Si (100),
resulting in a CNT growth rate reduction earlier in the growth process on poly-Si
compared to Si (100).

3.2. Diffusion Mechanisms

Considering the above description of CNT growth kinetics on Si (100) and
polysilicon substrates, three closely related issues have arisen. First, the activation
energy for the parabolic region of growth is higher than the bulk activation energy
calculated for the linear region associated with nucleation. Furthermore, the activation
energy found for the parabolic region of growth on polysilicon is significantly larger than
the equivalent energy barrier for growth on Si (100). Finally, the diffusivity of carbon
precursors through the growing CNT forest on polysilicon is significantly lower than the
diffusivity for growth on Si (100). To understand the factors giving rise to these
observations, the physical diffusion mechanisms of the growth process must be
considered under the PECVD growth conditions.

The diffusion mechanisms most relevant to a porous thin film system are Knudsen
diffusion and surface diffusion. Knudsen diffusion involves the collision of gas
molecules with pore walls as a means of gas transport through the pore, or the space
between CNTs in the present case. Knudsen diffusion may occur in a system if the pore
size is smaller than the mean free path of the gas molecules by a factor of ten or more[24,
50, 51]. Knudsen diffusion is commonly cited as the governing diffusion mechanism for
CNT growth by thermal CVD[23, 24]. An alternative mechanism is surface diffusion of

carbon molecules or radicals along the surface of growing CNTs as a means of transport
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from the gas phase to the catalyst particle at the substrate surface. This mechanism has
been theorized by Louchev et al.[26, 27], and may be a more likely governing diffusion
mechanism when the carbon precursors are in the form of reactive radicals. While the
conditions are met for Knudsen diffusion in the current system, evidence is presented
below in favor of surface diffusion along the CNT length being the primary transport
mechanism for this PECVD process. Specifically, a trend of decreasing CNT length with
increasing process temperature, defect density for CNTs grown on each substrate, the
growth mechanism for a graphene-CNT hybrid material, and the existence of bamboo-
type inner CNT walls will be discussed in the context of a surface diffusion mechanism,
offering supporting evidence that the growth process is controlled by this mechanism.

A conclusive way to determine the diffusion mechanism is to determine the
temperature dependence of the diffusivity of the system. By calculating diffusivity at a
number of temperatures and examining whether these values correspond to a 7"
dependence or a exp(-//T) dependence, it is possible to determine whether the governing
mechanism is Knudsen diffusion or surface diffusion, respectively. As this analysis
requires more data than is presently available, several pieces of supporting evidence are
instead proposed in favor of the surface diffusion mechanism.

The first potential mechanism to consider is Knudsen diffusion. The Knudsen
number, the figure of merit determining whether transport is governed by Knudsen
diffusion, is the ratio of the pore size (r) to the mean free path of the carbon-containing
precursor (Ayrp). If this ratio is less than 0.1, Knudsen diffusion may occur[24, 50, 51].

Mean free path may be calculated as[52]

Ayrp = RT/N27d*N ,p (6)

19



where R is the ideal gas constant, 7T is the temperature, d is the molecular diameter, N, is
Avogadro’s number, and p is the chamber pressure. Using methane as the carbon-
carrying species and the growth parameters enumerated in the Experimental Section, Ayrp
~ 7.8 um. Since the inter-CNT pore size is on the order of tens of nanometers, the above
ratio is much less than 0.1. Therefore, it is possible that some Knudsen diffusion may
occur during growth. It seems unlikely, however, that this is the primary diffusion
mechanism, as most carbon-containing species exist in the form of reactive radicals due
to the presence of the plasma. Additionally, the CNTs possess a high defect density due
to ion bombardment, which may serve as adhesion sites for reactive radicals and hinder
Knudsen diffusion.

There are several pieces of supporting evidence that favor surface diffusion along
the length of the CNTs as the primary diffusion-limiting mechanism during steady-state
growth. In the case of iron-catalyzed growth in this PECVD reactor, the growth proceeds
from the iron catalyst nanoparticles, which remain anchored at the substrate-nanotube
interface. A growth mechanism dominated by surface diffusion must allow for diffusion
of carbon species from the gas-nanotube interface to the catalyst particle at the substrate
surface, so surface diffusion must occur along the length of the CNTs.

Across a wider temperature range (700 — 900 °C), a general inverse relationship
between CNT forest height and growth temperature on MEMS devices was observed
(Figure 4). These growth experiments on polysilicon MEMS devices were performed
under identical growth conditions but varying the process temperature. This trend is also
reflected in the results of several other mechanistic studies[12, 27, 53, 54], and was

initially attributed to diffusion of the catalyst into the polysilicon substrate. However, it
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is unlikely that a significant amount of iron silicide exists in the catalyst nanoparticles, at

least during the linear phase of growth, due to the earlier conclusion that the

nanoparticles are austenite, which does not form readily if a significant amount of silicon

has become incorporated into the nanoparticle[55].
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Figure 4: CNT forest height as a function of growth temperature on polysilicon MEMS

devices. All CNT forests were grown for 150 s.

The trend of decreasing CNT length as a function of increasing temperature can
be explained if the majority of the diffusion of carbon species from the gas phase to the

catalyst particle occurs by the surface diffusion mechanism along the CNT sidewalls.

The average distance that a carbon species may travel along the length of a CNT before

coming to rest is given by[27]

Asp = ay exp[(Eads —Egp )/ZKBT]
where ay is the distance between adsorption sites on the CNT surface, E,4 s the energy

barrier to adsorption, and Egsp is the activation energy of surface diffusion along the
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length of the CNT. Under these experimental conditions and using literature values to
approximate the different energy barriers, Asp is on the order of tens of micrometers, and
this characteristic length is reduced strongly with increasing temperature. Therefore, it is
possible that the reduction in CNT length with increasing temperature on polysilicon
MEMS devices is primarily due to the decrease in surface diffusion length.

In order to elucidate the surface diffusion mechanism as well as understand the
large activation energy for the parabolic growth region on polysilicon substrates, Raman
spectroscopy was used to measure the mean distance between defect sites on CNTs
grown on each substrate. Through the Tuinstra-Koenig relationship[56], it is possible to
calculate the mean crystallite size (L,) of CNTs by studying the relative intensities of the
D and G Raman bands. This expression was modified by Matthews et al. to take into
account the wavelength of the incident laser[57]. As seen in Figure 5, there is a
significant difference in L, between CNTs grown on Si (100) and polysilicon, which were
found to be 6.60 and 20.1 nm respectively. This difference in L, may arise from the
presence of smaller catalyst nanoparticles on poly-Si substrates, discussed below in
Section 3.3, which could produce CNTs that are smaller in diameter and more crystalline.
If it is assumed that L, is a good approximation to ay in Equation (7), the distance
between adsorption sites that act as a pathway to surface diffusion along the length of the
CNTs is larger for CNTs grown on polysilicon. This may explain the large £, for the
parabolic region of growth on polysilicon (3.69 eV) compared to CNTs grown on Si
(100) (1.90 eV), as the energy barrier for transport between adsorption sites should

increase with increasing distance between adsorption sites. In addition, the parabolic
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activation energy for CNTs grown on Si (100) is close to the reported value for carbon

adsorption on CNT sidewalls[27, 58].
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Figure 5: Raman spectra of CNTs grown on Si (100) and polysilicon substrates. The
crystallite size is 66 A for CNT on Si (100) and 201 A for CNTs on polysilicon.

More support of surface diffusion as the primary diffusion mechanism in this
system comes from the existence of a hybrid carbon nanostructure consisting of few-
layered graphene covalently bonded to the sidewalls of CNTs referred to as graphenated
carbon nanotubes (g-CNTs). As reported elsewhere[31-35, 59], this hybrid nanostructure
(Figure 6) usually requires an elevated temperature (1050 °C) in order to form the leaves

of few-layered graphene, referred to as “foliates.” The growth mechanism of these
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foliates has been proposed as either a stress-buckling mechanism[32] where varying
growth rates between concentric nanotube walls causes buckling and fracture, allowing
growth of the foliate at the fracture site, or an ion bombardment mechanism[33] where
energetic ions from the plasma environment cause defects in the outer nanotube walls,
allowing foliates to nucleate and grow. In either case, defect sites in the outer walls of
the CNTs exist at high spatial frequency, which is also the pathway by which surface
diffusion-driven growth occurs. However, at the elevated temperatures used to grow g-
CNTs, growth typically terminates at about 10 pm, after which point growth of foliates
begins[32, 33]. This lower terminal length is in agreement with a surface diffusion
mechanism that limits the maximum forest length as temperature is increased. If the
temperature during growth remains lower (850 °C), these g-CNT structures may also
form, but only when the growth time is much longer[34]. These lower temperature g-

CNTs also form foliates only after the termination length of the forest is reached, which

is typically 40-50 um at 850 °C.

Figure 6: a) Plan view SEM micrograph of graphenated CNTs and b) higher
magnification image of a g-CNT. Inset: TEM micrograph of a few-layered graphene
foliate terminating in 3-5 graphene layers.
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Temperature gradients within the growing CNT array also support a surface
diffusion mechanism. There are two heat sources during the growth reaction: the
substrate heater underneath the growth substrate and the plasma above the growing CNT
array. The heat generated in the CNT film by ion- and reactive radical-bombardment
from the plasma, powered by 2.1 kW of microwave power, should be higher than that of
the substrate heater, so a thermal gradient exists in the downward direction away from the
plasma. As aresult, the CNT tips are the hottest regions of the film. After growth
terminates due to the limitation in surface diffusion length, the tips continue to experience
reactive carbon-containing radicals impinging upon them. As the tips are at a higher
temperature than the lower regions of the CNTs due to the aforementioned thermal
gradient as well as heat loss occurring from conductive losses along the length of the tube
and convective loss from gas molecules in the region between CNTs (due to some limited
Knudsen diffusion), the surface diffusion length is smallest for this region. As carbon
species adsorb onto the CNT tips, surface diffusion may occur over a very small length
scale, especially at higher growth temperatures, and nucleate foliates at the defect site
where it comes to rest. In this way, surface diffusion seems the most likely mechanism in
light of the evidence presented for this hybrid nanostructure.

Additionally, it has been observed that when the temperature is increased further
(1100 °C or higher), CNTs or g-CNTs are no longer present in the resultant film. Instead,
vertically oriented sheets of few-layered graphene are deposited on the substrate without
any nanotube structure present[33]. As the CNTs grown by this PECVD reaction have
bamboo-type inner CNT walls, it is possible that the surface diffusion length is even

shorter for these conditions than the length of a single bamboo segment, preventing the
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growth of nanotubes. Instead, carbon nanosheets are produced at temperatures exceeding
1100 °C[33].

As a final point supporting the surface diffusion mechanism, bamboo-type growth
has been associated with a surface diffusion mechanism[26].

3.3. Causes of Reduced Diffusivity for CNTs grown on Polysilicon

Thus far, the kinetics of CNT growth on polysilicon has been discussed and
compared to growth on Si (100), the physical interpretation of the associated activation
energies has been examined, and diffusion mechanisms have been explored. Here, the
reason why growth on polysilicon has lower diffusivity and becomes diffusion-limited
earlier in the growth process compared with CNTs grown on Si (100) will be considered.

It is well known that the diameter of the catalyst nanoparticles is closely related to
the diameter and growth rate of the resultant CNT [12, 60, 61]. Catalyst nanoparticle
diameter and CNT diameter are directly proportional, and CNT diameter and CNT
growth rate are inversely proportional. It is therefore important to examine the way in
which the iron catalyst film dewets on poly-Si versus Si (100). Figure 7 shows SEM
micrographs of catalyst nanoparticles forming on each substrate at 850 °C, prepared by
terminating the CNT growth process before introduction of the carbon precursor, as well
as the diameter distribution of these nanoparticle arrays. From Figure 7, it is clear that
nanoparticles on polysilicon are less uniform. The highest frequency nanoparticle
diameter is between 15 and 30 nm and the nanoparticles have a bimodal distribution. In
contrast, the nanoparticles that form on Si (100) substrates possess more uniform
diameters and are larger on average. Additionally, the nanoparticles that form on top of

the grains on polysilicon substrates tend to be larger (60-70 nm) and smaller particles
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aggregate near the grain boundaries. The lower mode in the bimodal distribution is
attributed to particles formed around the grain boundaries, where the crystal facets are
expected to vary. This is in agreement with literature[62], in which smaller particles
form on the Si (111) crystal face (25-35 nm) and larger particles (55-65 nm) form on Si
(100) due to differences in surface energy. While catalyst thickness and pretreatment
time impact the resultant nanoparticle dimensions[63, 64], these parameters were very

similar in the referenced study compared to the present experimental conditions.
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Figure 7: Catalyst nanoparticle arrays produced by dewetting at 850 °C in an ammonia
plasma environment on a) Si(100) and b) polysilicon. (c-d) illustrate image processing
performed in order to obtain the nanoparticle diameter distributions, found in (e-f). (e-f)
display the distributions of Feret diameters, excluding particles found at the edge of the
image.
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As mentioned above, the catalyst nanoparticle diameter influences the resultant
CNT diameter as well as growth rate. Since the nanoparticle diameters are dispersed
across a wider range on polysilicon compared to Si (100) substrates, there is a
corresponding dispersion of growth rate of the nanotubes catalyzed by these particles.
Due to the close proximity of CNTs to one another during the growth process, van der
Waals forces[65, 66] may cause neighboring CNTs with differing growth rates to
collectively bend and become tortuous. Since the dispersion of nanoparticle diameters is
higher for CNTs grown on polysilicon due to the variety of surface energies displayed by
the various exposed crystal faces, the tortuosity of these films is expected to be higher.
CNT films with a higher degree of tortuosity have a lower apparent film thickness for a
given CNT length due to the compression of CNT length along the vertical direction[67].
Therefore, an increase in tortuosity leads to a reduction in apparent growth rate and a
reduction in diffusivity, as is observed for CNT growth on polysilicon versus Si (100).
This discrepancy would be eliminated if real CNT length were used for kinetics
calculations rather than film thickness.

In order to measure the difference in tortuosity for CNTs grown on each substrate,
wide-angle X-ray scattering (WAXS) measurements were taken to quantify the degree of
alignment of each type of film. As discussed in the Experimental Section, the orientation
factor (f) for typical aligned CNT films grown on Si (100) and polysilicon substrates was
determined in order to corroborate the conclusions made from the nanoparticle analysis.

The orientation parameter is calculated from anisotropy in the X-ray scattering pattern,

f= %(3<cosz ¢)-1) (8)
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where

[ (1@)singcos p) g
[ (19)sinp)do

(cos’9) = ©)

¢ is the angle between the z-axis and the vertically-oriented CNT, while /(p) is the
azimuthal intensity distribution collected at the g location of maximum intensity[37, 68],
corresponding to the interlayer spacing of the graphitic sidewalls.

For CNTs grown on Si (100), fs; = 0.4 and for CNTs grown on polysilicon, f,os-si
=0.2. From these values, it is clear that the CNTs grown on polysilicon have higher
tortuosity compared with CNTs grown on Si (100) (Figure 8). This may also help to
explain why the calculated diffusivity is markedly lower for growth on polysilicon and
the parabolic activation energy is larger, as the effective growth rate disparity is reduced
when taking tortuosity into account.

To elaborate on this idea, one may calculate the tortuosity-corrected CNT length

via the Herman’s orientation parameter as

3 % 1
Alz(m] A, (10)

where Al represents the effective film thickness accounting for tortuosity and Az is the
apparent film thickness as measured by SEM[35, 67, 69]. In the present case, WAXS
data is available for a representative CNT film on Si (100) and poly-Si. Ideally, however,
changes in tortuosity should be monitored at each growth time step or in situ (see Ref.
[67] for in situ WAXS analysis of CNT growth). The calculations that follow are

approximate, as a representative sample was used for each type of film for the calculation
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of Herman’s orientation parameter. Identically-prepared samples may exhibit minor
differences in this value due to small, unintentional morphological variations.

Using the tortuosity-corrected values for CNT length and performing the same

analysis found in Section 3.1, E¥ |, E% and E™"* remain unchanged within three
Yy g

a,lin ° a,para a,lin

significant figures and E”"~% decreases slightly from 3.69 eV to 3.06 eV. The greater

apara
difference in the latter value stems from its steeper slope in the Arrhenius plot.
Applying the same tortuosity correction to the diffusivity calculation in Section
3.1, the diffusivity value for CNT growth increases on each substrate to 5.82 x 10* cm?/s
on Si (100) and 1.69 x 10* cm®/s on poly-Si, as the effective growth rate is higher when

taking CNT tortuosity into account. The ratios of diffusivity values on each substrate are

t,poly—Si
D850°C

D;;O% poy-si = 4.43 and Dégg/ = 3.44 before and after correcting for CNT

850°C

tortuosity, respectively. Thus the difference in diffusivity between CNT films grown on
Si (100) and poly-Si is slightly reduced when taking tortuosity into account due to the
higher degree of tortuosity of the CNT films grown on poly-Si. However, diffusivity
remains significantly higher for films grown on Si (100). As a result, the evidence
presented in Section 3.2 in favor of a surface diffusion-based CNT growth mechanism as
well as the causes for reduced diffusivity of CNTs grown on poly-Si found in Section 3.3

remain valid. The tortuosity-corrected kinetics figures of merit are summarized in Table

1.

Table 1

Kinetics figures of merit for CNTs grown on Si (100) and poly-Si with and without correction for CNT
tortuosity.
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t t t
Substrate Ea,lin Eu,para Ea,lin Ea,para 1)4850%; D850°C
(eV) (eV) (eV) (eV) (x10"em/s)  (x10* cm?/s)
Si (100) 1.61 1.90 1.61 1.90 3.49 5.82
Poly-Si 1.54 3.69 1.54 3.06 0.787 1.69
Ea,lin is the activation energy in the linear region of growth, Eu’ para 18 the activation energy in the

parabolic region of growth, and Dgs . is the diffusivity of CNT growth at 850 °C. Superscript ¢ denotes a
tortuosity-corrected value.
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Figure 8: WAXS spectra of CNTs grown on (a) Si (100) and (b) poly-Si. The CNTs on
poly-Si display a higher degree of tortuosity, with an orientation factor of approximately
0.2. The orientation factor of CNTs on Si (100) is approximately 0.4.

Other possibilities to consider to account for differences in CNT growth kinetics
include the temperature-dependent nature of the gas atmosphere as well as the

temperature dependence of the catalyst nanoparticle array. As this is a plasma-enhanced

CVD process, the gas atmosphere is dominated by the microwave plasma, whose
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temperature is governed by the microwave energy input. In addition, the range of
temperature setpoints for the substrate heater was narrow, only spanning 825-875 °C.
Therefore, differences in precursor chemistry are expected to be negligible for these
experiments.

Examining the diameters of the nanoparticles within the temperature range of
825-875 °C in the same way as illustrated in Figure 7, there was a difference of 6% on
poly-Si substrates and <1% on Si substrates. These small diameter differences are within
the range of typical variations between PECVD experiments performed at the same
temperature. In addition, while catalyst nanoparticles possess some mobility during the
heat up stage of the reaction, nanoparticle mobility ceases to play a role once CNTs have
nucleated and encapsulated the nanoparticles (see Figure 1 (¢)) as the growth of CNTs
anchors the nanoparticles on the substrate. Therefore, due to the narrow temperature
window of this study, variations in the catalyst nanoparticles between growth
experiments are small and unlikely to affect the outcomes of the kinetics analysis.
Finally, all growth experiments were performed with sufficiently small growth times and
a sufficiently narrow temperature window so that effects of catalyst poisoning would not

impact the data presented.

3.4. Improving CNT Adhesion to Polysilicon

Integrating VMD platforms with cathodes that can provide high current density
and long lifetime is a practical requirement for the industrial viability of packaged CNT
field emission vacuum microelectronic devices (CNT FE-VMDs). In the previous
sections, better control over CNT length and CNT forest morphology may be achieved

through improved understanding of CNT growth kinetics on poly-Si, which is important
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in precisely controlling the CNT-anode gap distance, for example. However,
mechanisms of device failure must also be studied to improve device performance and
lifetime. There have been numerous studies[70-72] on the failure mechanisms of
standalone CNT field emitters that have identified several possible causes of failure.
Examples include fracturing of the CNT tips during operation due to oxidative ablation of
the CNTs caused by local resistive heating (i.e. thermo-mechanically activated
fracture)[71, 73], degradation due to ion irradiation/bombardment[74, 75], and extraction
of the CNT from the substrate due to either electrodynamic forces or increased resistive
heating at the substrate-CNT interface[71, 72]. In the case of CNT emitters grown on
MEMS polysilicon-based substrates, poor adhesion between the CNT emitter and its
substrate is the primary limiting factor for overall device lifetime, although this can be
mitigated to some extent by offsetting the gate laterally[76]. A loss of adhesion between
the emitter and the substrate renders the emitter electrically inactive and could lead to
catastrophic device failure if the emitter bridges electrically isolated components such as
the cathode and the extraction grid. A common method to improve adhesion of thin films
is to use layer of a refractory metal to improve adhesion between the substrate and the
film. Because CNTs nucleate from a thin film catalyst, the integration of an adhesion
layer between the polysilicon substrate and catalyst was investigated to improve adhesion
of the CNT film, as this configuration most closely approximates CNTs grown on MEMS
devices. While many groups have explored adhesion layers for CNT films on crystalline
silicon and metallic substrates[77-79], to our knowledge this is the first investigation of
CNT growth with metallic adhesion layers on polysilicon substrates. Titanium and

molybdenum adhesion layers, or interlayers, were specifically chosen based on the best
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literature results on crystalline silicon. They were compared to a reference sample
without an adhesion layer. The titanium interlayer produced the best adhesion compared
to the reference and the molybdenum interlayer samples (Figure 9).

The reflectance for the as-prepared films and the average reflectance after each
subsequent tape pull were directly compared to the other interlayer samples by measuring
against a control sample of a metal interlayer without a CNT forest. The titanium
interlayer samples required 2.5 times more adhesion tests to reach saturation when
compared to the reference sample, whereas the molybdenum showed only a small
improvement of 1.3 times more than the reference sample. It was also seen throughout
all the samples tested that the titanium interlayer samples had a final reflectance
saturation point of approximately 35%, whereas the reference and molybdenum samples
averaged approximately 40%. This could indicate that more CNT emitters remain
permanently adhered and have an adherence strength larger than the removal force of the
tape. This data indicates that using a titanium interlayer for CNT emitter growth on
MEMS structures can offer improved adhesion properties, which could correspond to
improved device lifetime. Furthermore, additional interactions could exist at the
interface between the CNT emitter and the polycrystalline substrate that could reduce
contact resistance and improve field emission properties of the emitter, such as
preventing the formation of an iron silicide, thus reducing resistive heating at the
substrate-CNT interface during operation of the emitter. These interactions will be the

subject of future research.
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Figure 9: Average reflectance from the underlying substrate as measured by
spectrophotometer for CNTs grown using various metallic interlayers. The error bars
represent standard deviation. An adhesion improvement of approximately 1.3x was
observed for Mo interlayers, and approximately 2.5x for Ti interlayers compared with the
control sample of CNTs grown on Fe-coated poly-Si.
4. Conclusions

In this work, a method was validated for calculating reaction kinetics that may be
applied to other systems. Growth of CNTs on polycrystalline silicon substrates has been
studied to improve understanding of growth mechanics for applications in MEMS
technology. The kinetics of CNT growth on polysilicon was elucidated using the model
of Deal and Grove[41] to understand the activation energies and mechanisms for base-
mediated growth using microwave PECVD. These results were compared to CNT

growth on crystalline (100) silicon substrates, finding nucleation-stage activation energies

that match literature values for bulk carbon diffusion into austenite catalyst nanoparticles.
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Parabolic diffusion-limited growth was observed on each substrate, with activation
energies for the diffusion-limited growth phase of 1.90 and 3.69 eV for growth on Si
(100) and polysilicon, respectively, in the temperature range of 825 — 875 °C. A
difference in overall diffusivity of carbon species through the growing CNT network was
found, with values of 3.5 x 10™* cm*/s for growth on Si (100) and 7.9 x 10” cm?/s for
growth on polysilicon at 850 °C. In addition, deposition became diffusion limited earlier
in the growth process using polysilicon substrates. Evidence was presented in favor of a
growth mechanism involving surface diffusion of carbon species along the length of the
growing CNTs from the gas phase to the catalyst at the base of the CNT forest, but some
limited Knudsen diffusion may also occur. Possible reasons for this difference in
diffusivity and the activation energy differences were explored through analysis of the
catalyst nanoparticle dewetting process as well as subsequent changes in CNT tortuosity
and alignment, as measured by WAXS. Finally, interlayer addition techniques were
presented to improve CNT adhesion to polysilicon substrates for applications as cold
cathode field emission sources for MEMS integration. Therefore, CNT forest integration
into MEMS devices was improved through both an improvement in understanding of the
growth kinetics, providing additional control over CNT film morphology, as well as an

improvement in CNT adhesion to the substrate to extend device lifetime.
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