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ABSTRACT 

 Emerging commercial applications of vertically aligned, single-walled carbon nanotube 

(SWCNT) “forests” require synthesis that minimizes nanotube diameter while maximizing 

number density across substrate areas exceeding centimeter scale.  To address this need, we 

synthesized SWCNT forests on full silicon wafers with notable reproducibility and uniformity, 

and co-optimized growth for small diameters and high densities across large areas to access new 

territory in this 3D parameter space.  We mapped the spatial uniformity of key structural features 

using Raman microscopy, synchrotron X-ray scattering, and Rutherford backscattering 

spectrometry.  Low C2H2 flux over sub-nm Fe/Mo catalysts produced small-diameter SWCNTs 

(2.1 nm) at high number densities (2.26 x 1012 cm-2) on wafers up to 6 in.  Although removing 

Mo resulted in larger SWCNT diameters and lower densities (< 0.7 x1012 cm-2), mass conversion 

rates from C2H2 to SWCNT product were high and remarkably invariant for catalyst 

compositions and densities (i.e., 47.7% or 1.30 x 106 % g-catalyst-1 on 4-in. wafers).  These 

carbon conversion efficiencies far exceed typical benchtop reactors and are on par with the best 

reported literature values.  Our detailed elucidation of correlations among structural 

characteristics within this resource-efficient process is expected to guide future scale-up efforts 

of SWCNT forest growth beyond wafer scale. 
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TEXT 

1. Introduction 

 Individual single-walled carbon nanotubes (SWCNT) possess a compelling combination 

of high thermal, electrical, and fluidic conductivities, high specific strength, as well as the 

presence of an electronic band gap in certain types.  Driven by these exciting constituent 

properties, commercial applications of vertically aligned “forests” are on the horizon, with the 

emergence of their use as electronic interconnects [1, 2], electron emitters [3, 4], optical 

absorbers [5], terahertz devices [6, 7] [8], optical rectennas [9], thermal interface materials [10-

12], gecko-inspired dry adhesives [13], mechanical dampers [14, 15], selective membrane 

nanochannels [16-19], and advanced yarns and sheets [20, 21]. 

Despite these promising demonstrations, realizing a tangible impact on mainstream 

applications is critically limited by the inability to synthesize large-area SWCNT forests with 

high reproducibility and uniformity in both their growth kinetics and structural characteristics.  

Addressing this challenge requires transition from conventional benchtop reactors toward larger 

ones, which can significantly change the growth environment, whereby simply scaling recipes 

may not suffice.  Instead, this transition demands detailed mechanistic understanding of the 

governing rules that couple key structural features of SWCNTs (i.e., diameter, density, length, 

graphitization, etc.) along with their temporal and spatial evolution.  Large-area SWCNT forests 

with high densities and small diameters are especially important for a majority of the 

applications listed above, yet they are conspicuously absent from the reported literature (Figure 

1). 

Indeed, researchers have made progress over the past decade in scaling synthesis of 

SWCNT forests to large areas beyond the “chip scale”.  Wyss, et al. [22], for example, reported  
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Figure 1. (a) 3D parameter space for SWCNT forest growth (axes = SWCNT diameter, number 

density, and substrate area).  The red point indicates this work, while the other data points are 

taken from the literature: (a) [23], (b) [24], (c) [25], (d) [26], (e) [27], (f) [28], (g) [22], (h) [29], 

(i) [30].  Red shaded region represents currently unattained parameter space, required for 

enabling applications. Blue data points: growth on Si substrates; grey points: growth on metal 

foils. 2D projections: (b) number density and (c) SWCNT diameter plotted against substrate area.  
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growth on 4-in. Si wafers, and Yasuda, et al. [29] demonstrated growth on 21.0 × 29.7 cm2 metal 

foils.  More recently, a commercial SWCNT forest plant based on the latter work extended the 

growth area to 50 × 50 cm2 metal substrates [30].  However, these processes relied on Fe-only 

catalyst layers to optimize for yield (i.e., SWCNT lengthening rate), so CNT densities remained 

relatively low (~1011 cm-2) and diameters large (~4 nm).  In contrast, the highest densities (~1013 

cm-2) [23] and smallest mean diameter (0.9 nm) [26] reported so far were achieved with bi-

metallic catalysts. These benchmark forest features have only been demonstrated on ~1 cm2 

chips and, in some cases, with terminal forest heights too short (i.e., < 10 µm) for a broad range 

of applications.  The challenge of demonstrating reproducible and uniform growth of dense 

SWCNT forests on large areas is exacerbated by the lack of information regarding how key 

structural features vary over multiple growth runs and across large substrates.   

 In this study, we achieved reproducible and uniform synthesis of SWCNT forests on full 

silicon wafers by low-pressure chemical vapor deposition (CVD) using an Fe/Mo thin-film 

catalyst.  We leveraged a suite of advanced characterization techniques to generate area maps 

across wafers and quantitatively evaluate the uniformity of various key structural features, 

including forest height, graphitization, and diameters by Raman microscopy; mean diameter and 

wall number by synchrotron X-ray scattering; and forest density by Rutherford backscattering 

spectrometry (RBS).  We validated the reproducibility of our process on 4-in. wafers by 

confirming high uniformity in forest structural features, both for multiple sequential growths as 

well as across the entire wafer from a single growth run.  To our knowledge, this work represents 

the best co-optimization of SWCNT diameter, density, and area (Figure 1). Furthermore, we 

showed that the combination of low C2H2 flux over sub-nm Fe/Mo catalyst films produced 

small-diameter SWCNTs (mean of 2.1 nm) with average number densities up to 2.26 x 1012 cm-2, 
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while maintaining exceptional carbon conversion efficiency on 4- and 6-in. wafers (~48% and 

61%, respectively).  We provided visual and statistical evidence via TEM that the addition of Mo 

to Fe induced the formation of smaller, more closely packed particles, which was critical to 

large-area growth of dense, small-diameter SWCNT forests.  Remarkably, we demonstrated 

constant mass kinetics and catalyst lifetime that were invariant with catalyst composition and 

SWCNT density.  As a consequence, we revealed a pronounced inverse correlation between 

forest height kinetics and SWCNT number density. Together with the linear scaling of forest 

height with growth time, these results hint at growth kinetics limited by gas-phase processes.  

Finally, we derived an analytical relationship between the SWCNT lengthening rate and forest 

density, which explains our experimental data well and provides insight for tuning structural 

features and scaling up growth.   

 

2. Results and Discussion 

2.1 Serial repeatability 

Previous literature has analyzed reproducibility of CNT forest growth yield and density 

on small substrates [31-33], yet to our knowledge there are no detailed reports on the consistency 

of SWCNT forests at wafer scale.  To evaluate the run-to-run reproducibility of wafer-scale 

SWCNT forest synthesis, we performed five growths in series on 4-in. wafers (Figure 2a) in an 

AIXTRON® Black Magic cold-wall, low-pressure CVD system. For these consecutive growths, 

we deposited thin films of Fe/Mo/Al2O3 (5.5/0.5/400 Å) multilayer catalysts during the same 

electron-beam evaporation run.  Achieving repeatable and uniform SWCNT forest growth at 

wafer scale required first establishing an optimal window of H2O concentrations (~120-250 

ppmv) (Figure S1) and independently tuning the heaters both above and below the wafer.   
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Figure 2. Five sequentially grown CNT forests on 4-in. wafers: (a) photograph of the wafers; (b) 

SEM image of a forest side wall with the inset showing a high-resolution TEM image of a 

single-walled CNT; (c) TEM measurements of the mean SWCNT diameter (error bars represent 

± standard deviation of the diameter distribution at the center of the wafer) and percentage of 

single-walled CNTs compared to double- and triple-walled CNTs (TEM sample number n ≥ 

122); (d) SWCNT forest height kinetics (error bars represent ± standard deviation across the 

wafer) and mass kinetics; (e) SWCNT number density and graphitization level as measured by 

the Raman G/D ratio (error bars represent ± standard deviation across the wafer).  Height and 

G/D mean and standard deviation values calculated from maps shown in Figure S4.  
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Without an optimal thermal gradient [34], we observed markedly worse growth coverage over 

multiple runs (Figure S2). Controlling H2O vapor levels in the reactor was highlighted in several 

other studies as an important factor for repetition of growth results [31, 32, 35]. 

This set of five wafer-scale forests exhibited highly aligned morphologies comprised of 

small, predominantly single-walled (SW) nanotubes as shown in Figure 2b.  The mean diameter 

from high-resolution TEM imaging was consistently small, only varying between 2.19 and 2.43 

nm, while the SW purity maintained ≥ 95.2% and trended monotonically toward 100% with each 

sequential run (Figure 2c), indicating the presence of fewer larger-diameter, double-walled 

CNTs.  On one hand, the forest height kinetics in Figure 2d increased monotonically with each 

run, from 2.4 to 3.8 µm/min (coefficient of variance, CV, across each wafer = 7-12%); on the 

other hand, the area-normalized mass accumulation kinetics (i.e., “mass kinetics”, Figure 2d) 

appeared steadier over the five runs and did not exhibit a clear trend.  Both SWCNT diameter 

and mass kinetics were essentially constant.  Consequently, number density tracked inversely 

with the height kinetics, exhibiting a slight decay from 1.76 x 1012 to 1.29 x 1012 cm-2.  Raman 

spectroscopy mapping of the wafer area revealed that the integrated G/D ratio (i.e., graphitization 

level) trended upward with each run from ~12 to 20, although the most significant change was 

between the first two runs (CV ≤ 0.18 for all runs).  The increase in G/D was consistent with the 

increase in SW abundance in Figure 2c.  We also demonstrated reproducible wafer-scale growth 

on Fe/Al2O3 without Mo, and we observed largely similar trends across five runs as described in 

the Supporting Information (Figure S3).  Decisive differences between Fe/Mo- and Fe-catalyzed 

growth are discussed in a later section. 
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2.2 Structural uniformity  

 Having established high-quality, small-diameter, and high-density SWCNT forest growth 

over multiple growth runs, we sought to quantify the uniformity across an individual wafer with 

a set of advanced characterization techniques, including Raman spectroscopy, synchrotron small-

angle X-ray scattering (SAXS), and proton ion RBS.  These probes generated property maps of 

the wafer area and enabled point-for-point correlations between multiple properties.  Using the 

first run from the sample set described in Figure 2, we focused on analyzing G/D, forest height, 

SWCNT diameter, height and mass kinetics, and density.  To our knowledge, this is the first 

detailed characterization mapping of wafer-scale CNT forests of any kind. 

Raman spectroscopy has been used before to generate 1D scans of the structural quality 

and diameters of SWCNTs along the side wall of CNT forests [36] or even across wafers [22], 

and confocal microscopy was recently applied to generate 2D height maps of small areas [37]. 

While Raman microscopy has been employed to map wafer-scale graphene [38], to our 

knowledge, there are no reports of full-wafer mapping of SWCNT characteristics.  Figure 3a 

shows Raman spectra collected at the SWCNT wafer’s center as well as the resultant average 

from multiple points around the edges.  The concavity and radial symmetry of the distribution of 

G/D values were evident (Figure 3b), with a maximum of ~15 occurring in the center and values 

rolling off monotonically toward the edges.  In contrast, the forest height map generated by 

automatic topographical tracking in Figure 3c illustrated the opposite concavity, with minimum 

values  
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Figure 3. Raman microscopy mapping (λ = 633 nm) of the SWCNT wafer grown in the first run 

of Figure 2: (a) Representative G- and D-bands at the center and edge of the wafer (normalized 

to D-band);  (b) G/D map of 6.5 x 6.5 cm2 (500 µm steps) square area inscribed within the wafer 

(as illustrated by the inset blue square) generated by integrating the area under the peaks; (c) 

SWCNT forest height (stage z position at each collection point); (d) representative radial 

breathing modes (RBMs) at the center and edge of the wafer (normalized to D-band as in (a)), 

where top axis shows diameter in nm d = 227/ω + 0.3 (RBM maps for several SWCNT 

diameters are shown in Figure S6); (e) TEM measurements of the SWCNT diameter at the 

center (mean ± standard deviation, µ ± σ = 2.15 ± 0.86 nm; sample size, n = 209) and edge (µ ± σ 

= 2.06 ± 0.89 nm; n = 668) of the wafer; (f) percent diameter change from the wafer’s center 

extracted from Raman (top) and TEM data (bottom) for selected diameters.  Same trends were 

observed for 514 nm and 785 nm lasers (not shown).  
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near the wafer’s center and maxima arising at the edges.  Both the general symmetry and 

concavity of the G/D and height maps were self-consistent over multiple growths (Figure S4).  

The concavity of the radial breathing mode (RBM) maps was more nuanced and 

depended on the frequency tracked.  We used the well-established relationship d = 227/ω + 0.3 

[39], where ω is the Raman shift in cm-1 and d is the SWCNT diameter in nm, to resolve 

multiple distinct diameters of the forest’s subpopulation, namely 0.9, 1.1, 1.4, 1.5, 2.0, 2.5 and 

3.0 nm.  Moving from the center to the wafer edge, the RBM intensities in the normalized 

spectra of Figure 3d decrease at lower wavenumbers (larger diameters) and increase at higher 

wavenumbers (smaller diameters).  Although RBM intensities collected from the top of the forest 

are not strict indicators of a specific diameter abundance, high-resolution TEM of SWCNTs 

harvested at several locations about the wafer corroborated this interpretation.  With both 

analysis methods, the relative abundance of SWCNTs with a diameter less than ~1.5 nm was 

higher at the wafer’s edge compared to the center (Figure 3f), which could be the result of 

conflated factors, such as gradients in temperature and precursor concentration from center to 

edge. 

 To complement the RBM and TEM diameter analysis, we mapped the same wafer with 

SAXS to extract the local mean SWCNT diameter and qualitative information regarding SW 

purity.  SAXS was chosen to nondestructively interrogate the nano- and atomic-scale features of 

large populations (~109) of CNTs in a single shot.  SAXS has previously been used to map 

alignment [40-42], density [43], diameter [43, 44], and wall number [43, 45] along the vertical 

direction of CNT forests, as well as to map a few of these structural features in situ during forest 

growth [46, 47] or across multiple length scales [48].  Still, there have been no reports of SAXS 



12 
 

mapping of CNT forests in the plane of the substrate to analyze lateral variations in structure, let 

alone across large substrate areas.   

To measure SWCNT diameter, we first resolved the form factor peak in the inverse q 

space (Figure 4a), where q is the momentum transfer vector defined by 
4𝜋

𝜆
sin 𝜃, 𝜆 is the incident 

X-ray wavelength, and 𝜃 is the scattering angle.  The form factor peak contains information 

regarding the SWCNT diameter distribution, and we have shown previously that the 

characteristic length 𝑑 =
2𝜋

𝑞
 extracted from the peak location in q corresponds well to the mean 

CNT diameter from TEM analysis [48].  To further validate this relationship, we calibrated 

SAXS experiments against TEM over a more finely resolved range of SWCNT diameters (1.51-

3.72 nm), which revealed a strong linear correlation (R2 = 0.97) between the two techniques 

(Figure 4b).  In addition to the form factor peak, we previously detected a broad (002) peak at q 

≈ 18 nm-1 for a mixed single-walled/double-walled forest [48].  There were no such scattering 

peaks in this higher q range at any point on the wafer, which confirms a lack of multilayer 

graphitic wall structure and thus corroborated the high SW purity reported in Figure 2c.   

Having established a fine-tuned quantitative relationship for extracting SWCNT diameter 

from the SAXS peak position, we mapped the mean diameter values for the same wafer 

described in Figure 3 at step sizes of 1 cm with an X-ray beam width of ~0.08 cm.  The SAXS 

mapping results in Figure 4c indicated a range of local, mean SWCNT diameters from 1.88 to 

2.21 nm, with an average mean diameter of 2.07 ± 0.07 nm and a coefficient of variation of 0.03 

across the wafer.  Direct SAXS-TEM comparisons at 5 different locations across the wafer (grey  
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Figure 4. Diameter and density mapping the SWCNT wafer grown in the first run shown in 

Figure 2: (a) SAXS 1D I(q) integrated from the sector defined by the dashed white lines in the 

inset 2D anisotropic scattering pattern (horizontal range corresponds to q = ± 6 nm-1), and two 

vertical dashed grey lines marking the q positions of both the form factor (FF) and the theoretical 

(002) (q002 = 2π/0.34 nm) peaks (the lack a defined peak here indicates high SW purity 43);  (b) 

correlation between X-ray (dSAXS = 2π/qFF) and TEM measurements of mean SWCNT diameter 

with a linear fit of the orange circles and blue squares (dSAXS = 1.12dTEM + 0.34; R2 = 0.97); (c) 

map of SWCNT mean diameter derived from SAXS measurements calibrated by the TEM data 

in (b) (colorbar shown in units of nm); (d) representative RBS spectrum of a SWCNT forest 

(dashed line: model curve), showing the backscattering signal from the C forest and from Si and 

Fe underneath; (e) correlation of forest mass measured by RBS and by a balance, where RBS 
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data points are averaged triplicates across 1 cm2 of a wafer-scale SWCNT forest (vertical error 

bars are smaller than the data points; linear fit with a slope of 0.98 and R2 = 0.99); (f) map of 

SWCNT number density (colorbar units: 1012 cm-2).  Grey diamonds in (b) represent data 

collected from the four corners plus the center of the mapped area as marked in (c).  In (b) and 

(e), orange circles represent data collected from wafer-scale SWCNT forests grown from Fe/Mo, 

while blue squares are from Fe only.  Maps in (c) and (f) were generated by interpolating 

between data points collected at ~1 cm intervals in x and y.  Maps of catalyst thickness, height, 

mass kinetics, and volumetric mass density are in Figure S7. 
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diamonds in Figure 4c) were consistent with the calibration curve in Figure 4b and confirmed 

the diameter trends from center to edge observed with TEM and Raman. 

Ion beam analysis was recently applied to qualitatively analyze alignment and areal 

density in CNT forests indirectly from their hydrogen content [49]. However, we are not aware 

of any previous reports of direct measurements of forest density by proton ion RBS in the non-

Rutherford regime or of any reports of ion beam analysis to map large CNT forest areas. To 

extract the areal density of carbon in our forests, we utilized spectral shifts from the Si substrate 

buried beneath the forest. Such a density measurement is based on the fact that the probing H ion 

beam experiences energy loss while passing through the CNTs so that the forest density is 

proportional to the energy shift of the scattering signal from the underlying Si substrate (Figure 

4d). We further validated our approach by comparing areal mass density values measured by 

both RBS and mass gained after SWCNT synthesis for a set of wafer-scale SWCNT forests 

grown with approximately the same height yet at widely different densities, spanning nearly an 

order of magnitude (Figure 4e). Thermogravimetric analysis (TGA) showed that the amount of 

lower-order carbon species in our forests is less than 5% (Figure S8), so the error in our CNT 

mass and number density calculations with both RBS and weight gain method is small.   

With RBS we mapped out the areal density across the same SWCNT wafer at identical 

locations to those at which we performed SAXS experiments (~1 cm spacing).  Incorporating the 

forest height measurements from our Raman analysis and the mean diameter values from SAXS, 

we generated the number density map of a full SWCNT wafer shown in Figure 4f.  The mean 

number density was 2.26 ± 0.27 x 1012 cm-2 (CV = 0.12), and the values ranged from 1.77 to 

3.17 x 1012 cm-2, which proved that the density remained high for all regions of the wafer.  

Interestingly, the density inversely correlates with height, so the densest region of the forest 
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occurred around the minimum of the height map.  In the next section, we further studied this 

tradeoff in the context of a broader library of wafer-scale forest growth results. 

 

2.3 Global correlations 

2.3.1 Diameter and density 

Having established reproducible wafer-scale synthesis and mapped key structural 

characteristics, we focused on understanding their correlations, or lack thereof.  A clear tradeoff 

was present in our diameter-density map (Figure 5a), where smaller CNT diameters are 

coincident with higher densities across both Fe and Fe/Mo catalysts, with Fe/Mo yielding 

categorically higher densities.  Note that we also included data extracted from the full-wafer 

SAXS and RBS maps to illustrate that the constituent locations from a single wafer overlapped 

well with our broader sample set.  Despite using the same nominal catalyst thicknesses for the 

entire data set (i.e., RBS measured 5.0 ± 0.4 Å of Fe and 0.4 ± 0.3 Å of Mo), we observed scatter 

in the diameter-density characteristics but no trend with either catalyst thickness for our Fe/Mo 

catalysts or the ratio between the two metals (Figure S9). 

From this density-diameter map, we extracted a power-law dependence with an exponent 

of -3.7 (R2 = 0.78), which translates to a steeper slope compared with close-packing and 

dewetting models (i.e., N ~ d-2) [23], but it is on par with previously published results [50].  The 

theoretical limit of close-packed cylinders serves as a reference to illustrate that, although our 

material is approaching maximum density values, there is still room for decreasing diameter and  
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Figure 5.  (a) Correlation between SWCNT diameter d and number density N.  The solid grey 

line represents the close packing limit (N ~ d-2), while the black dashed line is a power law fit (N 

= 3.6 x 1013 d-3.7; R2 = 0.78).  Inset: lower diameter limit of the two curves.  Grey diamonds in 

(a) represent the 62 data points that define the maps in Figure 4, and orange circles represent 

average data collected from wafer-scale forests grown from Fe/Mo, while blue squares are from 

Fe only.  TEM image analysis of (b) Fe/Mo and (c) Fe particles, showing representative 

planview images alongside particle diameter histograms.  Fe/Mo particles were 4.1 ± 1.0 nm in 

diameter at a number density of 1.1 x 1012 cm-2 (n = 461 particles), while Fe particles were 5.4 ± 

1.3 nm in diameter at 4.0 x 1011 cm-2 (n = 167 particles).  Forests with typical Raman 

characteristics can be grown from these particles (see Figure S10). Additional TEM images are 

in Figure S11.  
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increasing density.  Namely, extrapolating along this curve, we would reach the close-packing 

limit at SWCNT diameter of 0.8 nm and density of 9.1 x 1013 cm-2.   

Comparing ex situ TEM image analysis of the catalyst particles after annealing with the 

SWCNT diameter and density reveals correlations that reasonably explain the differences 

between Fe/Mo and Fe in Figure 5a.  As shown by early work with Fe/Mo [51-53], particles 

formed in the presence of Mo are smaller (4.1 nm diameter) and more numerous (1.1 x 1012 cm-2 

density) than the case without Mo (5.4 nm diameter and 4.0 x 1011 cm-2 density), even with 

nominally the same thickness of Fe deposited (Figure 5b, c).  The difference in particle diameter 

is similar to the difference we observe in our SWCNT diameters (~1.5 nm).  The particle density 

values represent lower bounds because we only reported measurements for particles clearly 

resolved in TEM images.  Additionally, the catalyst film for TEM analysis was specially prepared on 

silicon nitride TEM grids coated with a thinner Al2O3 layer (10 nm) than the Si wafers used for large-area 

growths (40 nm).  Thus, we do not expect a one-to-one correlation with forest density, but the 

orders of magnitude match well. Furthermore, particles in the Fe/Mo sample appear well defined, 

whereas the particles in the Fe-only sample are poorly defined due to lower contrast with the 

support, which may suggest a difference in particle shape as well.  These observations indicate 

that priming the Al2O3 surface with Mo before Fe deposition engenders topographical and/or 

energetic characteristics that favor smaller, more numerous particles. The importance of the 

interaction between Fe particles and Al2O3 supports for catalyst particle and resultant forest 

formation has been studied extensively [54, 55].    

 

2.3.2 Kinetics and density 

The differences between our two catalysts were further revealed when analyzing their 

wafer-scale kinetics. To ensure that termination effects (e.g., density decay) did not impact our 
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kinetics analyses, we performed a large set of wafer-scale syntheses with growth times more than 

an order of magnitude shorter than the catalyst lifetime.  Uniform forests from Fe and Fe/Mo 

catalysts (Figure 6a) self-terminated abruptly at 210 min reaching terminal heights of 1.7 and 

0.8 mm, respectively (Figure 6b), and displayed a rapid growth acceleration at the end of the 

growth. Despite the drastic difference in height kinetics and thus larger terminal height for Fe, 

these reactions remarkably converted carbon gas into SWCNT product at nearly the same rate 

(~0.16 mg/cm2/min). This is consistent with our previous observation in Figure 2d that the mass 

kinetics were relatively invariant despite variations among height kinetics and density.  This was 

further manifested over a broader sample set (Figure 6c), which shows that for a fixed C2H2 

flow rate, mass kinetics exhibited no trend with height kinetics (growth time ≤ 15 min).  This 

was true for several different Fe and Fe/Mo catalyst depositions, even if the height kinetics for 

Fe were always higher. 

Across a large set of experiments shown in Figure 6c, the carbon conversion from the 

gas phase to solid SWCNT varied little and was independent of SWCNT lengthening rate, 

despite the 8-fold rate span from 1.6 to 13.2 µm/min.  The mass kinetics did depend 

proportionately on the flow rate of C2H2, with 9 sccm and 16 sccm tested in addition to the large 

set grown with 4 sccm.  We also included the RBS map data points to show that values across 

the wafer were consistent with average individual growths.  Mass kinetics did not depend on the 

amount of metal catalyst material within the range of film thicknesses used in this study (3.7 to 

6.2 Å) (Figure S12), nor did it track with SWCNT diameter (Figure S13).  This lack of 

dependence on the catalyst type and amount may be a consequence of a growth regime limited 

by gas-phase processes; reactions at the catalyst particles are likely much faster, so that the 

overall mass kinetics are insensitive to the catalyst details.    
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Figure 6. (a) Photograph showing a SWCNT forest grown using Fe/Mo to full termination on a 

4 in. Si wafer (525 µm thick) next to a U.S. quarter coin for scale (1.75 mm thick).  (b) SWCNT 

forest height and growth kinetics (inset) versus growth time at the center of a 4 in. wafer 

measured by cross-sectional SEM of witness marks created by cyclically switching C2H2 flow on 

for 10 min and off for 1 min.  Dashed grey box indicates the time scale of all experiments 
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described in (c)-(e). Complementary experiments with smaller pulse durations were performed to 

verify that growth within this time window was well behaved (Figure S14).  (c) Correlation 

between SWCNT forest height kinetics ḣ and mass kinetics ṁ for 4-in. wafer growth with 4, 9, 

and 16 sccm C2H2 flow rates. (d) Correlation between number density and forest height kinetics 

ḣ* normalized by number of walls nw from TEM and C2H2 flow rate 𝑚̇C2H2 (ḣ*= ḣ×nw/𝑚̇C2H2).  

Different substrate sizes are displayed compared to our growth model assuming our 

experimentally observed 47.7% conversion (dashed black line), as well as 10% (light grey 

dashed line) and 100% conversion (dark grey dashed line).  (e) Carbon conversion efficiency (g 

CNT/g carbon delivered x 100%) compared to Ref. [29] and [56] in the bar chart, along with a 

scatter plot of the values normalized by the mass of metal catalyst on the substrate.  C2H2 flow 

rate 𝑚̇C2H2 for all experiments was 4 sccm except where otherwise noted.  In (c), (d), and (e), all 

growth times were 3-15 min (before self-termination), grey diamonds represent the 62 data 

points that define the maps in Figure 4, and orange circles represent average data collected from 

wafer-scale SWCNT forests grown from Fe/Mo, while blue squares are from Fe only.  
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Due to the constant mass conversion rate, the height kinetics were strongly and inversely 

correlated with the number of SWCNTs growing in concert (Figure 6d), which reflects similar 

trends found in the literature [57].  A substrate with more catalyst particles (i.e., high density 

and/or large substrate) necessarily resulted in a slower elongation rate of individual SWCNTs 

because of the lower carbon mass available per particle.  This is true even though the SWCNT 

diameters accompanying higher-density forests were smaller and thus required less carbon per 

unit length to form (Figure S13).  Intriguingly, this rate-density coupling suggests that the 

widely reported density decay characteristic of the end of growth [58, 59] should manifest as an 

acceleration in height kinetics immediately preceding self-termination.  This is contrary to the 

ubiquitous growth deceleration reported in literature, yet an acceleration is clearly reflected in 

our results both in Figure 6b and Figure S14.  In the latter case, early self-termination ensued 

starting at the wafer’s center first, and growth at the wafer’s edge concomitantly accelerated due 

to newly abundant hydrocarbon precursors no longer being consumed by the self-terminated 

region. These various factors are all indicative of growth kinetics dominated by slow gas-phase 

processes that undersupply reactants to the catalyst particles, which in turn readily convert 

carbon upon arrival.  This explains the proportional increase in mass kinetics with increased 

C2H2 flow rate, the invariant conversion efficiencies with catalyst type, and the direct interplay 

between accelerating and decelerating growth regions on a wafer. 

To further support our claims of carbon-starved mass kinetics and density-dependent 

height kinetics, we built a simple growth model.  The model assumes that the height kinetics of 

the entire forest are equivalent to the lengthening rate of a single CNT and proportional to the 

rate of carbon delivered to an individual catalyst particle.  Neglecting tortuosity has minimal 
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effect in our study since tortuosity is expected to be high or varying only in very low-density 

and/or self-terminated forests, respectively [41]. The expression of forest height kinetics is 

 

ℎ̇ =
𝑆𝑆𝐴𝐺

𝜋𝑑
𝑚̇CNT.          (1) 

 

Here, 𝑆𝑆𝐴𝐺  is the specific surface area of graphene (1315 m2/g), d is the CNT diameter, and 

𝑚̇CNT is the rate of carbon mass incorporation into the CNT.  From the fitted power-law 

relationship in Figure 5a, we can rewrite d in terms of number density N such that 𝑑 ∝ 𝑁−𝛼, 

where 𝛼= 1/3.7.  Furthermore, 𝑚̇CNT is related to C2H2 flow rate into the reactor, 𝑚̇C2H2, 

by 𝑚̇CNT = 𝜀
𝑚̇C2H2

𝐴∙𝑁
, where A is the growth substrate area, and 𝜀 is the carbon conversion 

efficiency from the gas to solid phase, which encompasses several factors, including effects of 

chamber geometry and residence time, gas decomposition, and catalyst efficiency (with the last 

factor being inconsequential for the growths of this study).  Thus, we recover a power-law 

dependence between height kinetics and number density, ℎ̇ ∝ 𝑁1−𝛼, where the proportionality 

depends on 𝜀/𝐴 and 𝑚̇C2H2, as shown in Figure S15.  Increasing either parameter effectively 

allows more carbon to reach the growing SWCNT and thus increased the height kinetics for the 

otherwise same density.  We calculated the average value of 𝜀 from mass kinetics data (47.7%) 

for our large 4-in. data set, and we readily know 𝑚̇C2H2 based on the flow rate we use in our 

recipe. 

Overlaying this model calculated for a 4-in. wafer on our experimental results in Figure 

6d showed good agreement over the extensive data range.  To allow comparison on a single plot 

between different C2H2 flow rates, we normalized the height kinetics by C2H2 flux and obtained 

a master curve for a specific 𝜀/A along which all our experiments fell.  In particular, the 
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normalized height kinetics for 4-in. growth from 9 and 16 sccm C2H2 lie on the master curve as 

anticipated by our model.  We also performed additional experiments with different sized 

substrates, and we observed that smaller substrates lied above, while wafers larger than 4 in. lied 

below the master curve (𝜀/A trends described in Figure S15).  As shown in Figure 6e, this trend 

is linked to a decline in area-normalized conversion efficiency with increasing growth substrate 

size. Interestingly, local areas on the fully mapped wafer may be highly efficient (e.g., grey 

diamonds reaching as high as 74%). 

 

2.4 Implications for scale-up 

The conclusions of this study offer three significant implications for designing and 

scaling up growth of small-diameter, high-density SWCNT forests.   First, operating in a carbon-

starved regime enables a carbon conversion efficiency that far exceeds typical benchtop reactor 

processes [60] and is on par with the best reported literature values.  As illustrated in Figure 6e, 

the current work outperforms the highest values for gas-showerhead SWCNT forest growth [29] 

and is comparable to fluidized-bed growth of small-diameter CNT forests [61, 62].  Carbon 

conversion efficiency at 4 in. (6 in.) was constant among the three C2H2 flow rates tested on 

Fe/Mo, with a mean of 47.1± 1.7 % (64.3 ± 4.5%), or accounting for the amount of catalyst 

available in the reactor, 1.24 ± 0.04 x ×106 % g-catalyst-1 (0.80 ± 0.05 x ×106 % g-catalyst-1).  A 

resource-efficient process is desirable for scale up to reduce both direct costs of consumables as 

well as indirect costs due to environmental impacts (e.g., unnecessarily exhausting greenhouse 

gases).  Time is also an important factor determining efficiency and scalability of a synthesis 

process. Although the growth rate in our carbon-starved regime is not as high as in yield-

optimized supergrowth processes [29], our results demonstrate growth kinetics at constant 
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conversion efficiency that are widely tunable by adjusting C2H2 flow rates and nanotube density. 

Knowledge gained in this low-pressure study could be transferred to higher-pressure regimes to 

accelerate the process.   Incidentally, increasing C2H2 did not significantly change the SWCNT 

diameter or graphitization (Figure S16), which is likely the result of operating in the carbon-

starved growth regime.  Previous reports showed that increasing C2H2 resulted in higher SWCNT 

forest density [23], but we did not observe such an enhancement.  Thus, C2H2 flow rate is a 

convenient tuning parameter to scale forest growth rates without altering the forest 

characteristics. 

Second, the addition of Mo is critical for achieving uniform growth of smaller, denser 

SWCNTs.  It has been previously shown in literature that the addition of Mo to Fe in the range of 

6-10 at.% can enhance SWCNT growth in several ways, such as by a) increasing catalytic 

activity [51, 63], b) inhibiting deleterious Fe oxide and carbide formation [64, 65], and c) 

creating smaller and denser particles [51].  Contrary to early reports [63], our experiments in 

Figure 6c did not show enhanced carbon conversion efficiency for Fe/Mo over Fe only (1.28 ± 

0.11 x 106 versus 1.33 ± 0.15 x 106 % g-catalyst-1, respectively).  Although we do not have direct 

evidence of the chemical state of the particle, our long growth experiments in Figure 6b self-

terminated at the same time for Fe and Fe/Mo.  The fact that Mo did not extend the reaction 

lifetime or the carbon conversion over the course of a prolonged 3.5-hour growth suggests that 

either oxide/carbide phases did not contribute to self-termination, or the presence of Mo simply 

did not inhibit the formation of these phases.  As in previous reports [51-53], we did observe 

smaller, denser particles with the presence of Mo (Figure 5b, c), which shows adding Mo to Fe 

provides one potential path for scaling diameter/density characteristics toward the close-packing 

limit.  
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Third, we deciphered a master analytical relationship between SWCNT forest yield 

versus density that is independent of the catalyst details and can be used to guide growth on 

silicon substrates (Figure 6d) and scale up on even larger metal foils (Figure 1) [27].  The 

insensitivity in growth performance to catalyst chemical composition is likely a direct 

consequence of a growth regime dominated by slow gas-phase processes, which renders the 

nanotube synthesis more robust and reproducible by mitigating the impact of possible catalyst 

variations from batch to batch. In this regime, the forest height kinetics scale proportionally with 

the carbon gas input and inversely with the total number of SWCNTs in the reactor (i.e., number 

density × substrate area).  This enables prediction of how to tune recipes to meet target growth 

rates and how to scale trial growth experiments on small substrates up to large wafers or beyond.   

Increasing the substrate size increased the absolute carbon conversion, yet the conversion did not 

scale proportionally with area, which underlines an important practical consideration in optimal 

reactor design with respect to the substrate’s area.  Dedicated follow-on studies will be targeted 

at determining quantitative relationships between conversion efficiency, substrate size, and 

process parameters such as C2H2 concentration and chamber pressure.   

 

3. Conclusion 

We achieved the first demonstration of uniform and repeatable growth of small-diameter 

and high-density SWCNT forests at wafer-scale.  Furthermore, with a combination of 

characterization techniques, we quantified the wafer-scale uniformity of key structural features, 

thus providing a so-far lacking and much needed detailed analysis of large-area nanotube 

synthesis.  Our sub-nm Fe/Mo thin films enabled growth of forests with 2.1 nm mean diameter 

and 2.26 x 1012 cm-2 density on up to 6-in. wafers from a dilute C2H2 feedstock at carbon 



27 
 

conversion efficiencies surpassing previous low-pressure and/or showerhead CVD processes.  

Furthermore, operating in a carbon-starved kinetic regime, we demonstrated that our carbon 

conversion rate was proportional to C2H2 flow rate and invariant with catalyst type. 

Consequently, forest height kinetics and density were inversely correlated and follow the same 

scaling for both Fe and Fe/Mo.  In this sense, the predominant role of Mo in our study deviated 

from previous reports that suggested Mo enhanced catalytic performance via hydrocarbon 

decomposition.  However, high-resolution TEM provided visual and statistical confirmation that 

Fe/Mo on Al2O3 forms particles that are smaller and denser than Fe alone, which is consistent 

with the prevailing literature.  Together with providing readily transferable information to wafer-

scale batch synthesis for electronics applications, this work is expected to help future efforts 

toward continuous, roll-to-roll growth of high-density, small diameters SWCNTs on even larger-

area metal foils.  
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4. Methods 

4.1 Carbon nanotube synthesis 

Carbon nanotube forests were synthesized from an Fe/Mo/Al2O3 multilayer, thin-film 

catalyst.  Each layer was sequentially deposited onto Si (100) wafers by electron-beam 

evaporation without breaking vacuum between layers (base pressure ≤ 1.6 x 10-6 mbar).  

Nominal thicknesses of the catalyst layers used in this study (Fe/Mo/Al2O3 = 5.5/0.5/400 Å) 

were recorded in situ by a quartz crystal monitor during deposition and subsequently confirmed 

ex situ by Rutherford backscattering spectroscopy (RBS).    

We performed low-pressure chemical vapor deposition (CVD) in a cold-wall furnace 

(AIXTRON® Black Magic Pro 6 in.), featuring a wafer-scale, local heater stage and a gas 

showerhead.  The chamber was pumped down below 0.2 mbar prior to initiating the growth 

recipe, which began with a thermal annealing step in a reducing environment before introducing 

the hydrocarbon feedstock growth gas (C2H2). For this study, we utilized the following protocol: 

ramp temperature at 200-300 °C min-1 to 800 °C at 80 mbar in H2/Ar = 700/200 sccm and hold 

for 2 min at 800 °C before switching the gas mixture to C2H2/H2/Ar = 4/700/(400-x) sccm at 80 

mbar for 13 min. The addition of x sccm Ar through a bubbler containing H2O resulted in ~170-

1500 ppmv depending on x.  We optimized conditions for Fe and Fe/Mo such that the Ar flow 

through the bubbler was fixed at 80 sccm and 20 sccm, respectively. The top heater was not 

required for Fe, whereas it was set to 700 °C for Fe/Mo (Figure S2). 

The mean number density N (cm-2) was measured by mass gain as described in the literature 

[25].  Briefly, the CNT volumetric mass density ρ was first quantified from the mass increase of 

the substrate after CNT growth.  To get volume, the forest height was measured by optical 
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microscopy at 9 locations across the wafer and the area was calculated from the nominal wafer 

diameter.   

Then number density was calculated by 

𝑁 =
𝜌 

𝜋𝑑/𝑆𝑆𝐴G
 ,          (2) 

where d is the mean SWCNT diameter measured by TEM, and SSAG is the specific surface area 

of graphene, 1315 m2 g-1.  For forests with mixtures of single- and double-walled, we used a 

weighted aggregate diameter to account for the extra carbon in the proportion of double-walled 

CNTs.  We have shown previously that this method agrees well with other complementary 

methods for density measurement, such as X-ray attenuation [16].   

 

4.2 Rutherford backscattering spectroscopy (RBS) 

RBS measurements were performed at room temperature (4 MV ion accelerator, NEC, model 

4UH) to obtain areal densities of: (a) Fe and Mo in pristine catalyst films prior to CNT synthesis 

using 2 MeV 4He+ ions and (b) CNT forests after synthesis using 2 MeV 1H+ ions.  The ion beam 

(with 2 mm spot size) was incident normal to the sample surface and backscattered into a 

detector at 164° relative to the incident beam direction.  Analysis of RBS spectra was done with 

stopping powers and scattering cross sections from the SIMNRA code [66].  

 

4.3 X-ray characterization experiments 

We conducted synchrotron X-ray scattering at the Advanced Light Source using beamline 

7.3.3 with a 1475 x 1679 Dectrus Pilatus 2M pixel array detector and a fixed 10 keV incident 

energy and beamspot 250 µm tall and 800 µm wide [67].  Labview automated the stage 

translation, sample alignment to the beam, and image collection, which enabled fast screening of 
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the entire 4-in. wafer.  A custom MATLAB script was used to reduce and analyze scattering 

data.   

  

4.4 Microscopy 

High-resolution transmission electron microscopy (HRTEM) was used to quantify catalyst 

particle size distributions and number density, CNT diameter distributions, and CNT wall 

number nw, each with a sample number N ≥ 100 (image processing performed using a custom 

MATLAB script).  We used a JEOL 2100-F field-emission analytical TEM, operating at 200 kV.  

For particle preparation, we deposited by e-beam evaporation our nominal Fe/Mo and Fe 

thicknesses on 10 nm Al2O3, all deposited on silicon nitride TEM membranes 10 nm thick.  We 

annealed the catalyst films according to our standard process in the AIXTRON tool and cooled 

the chamber under vacuum.  For CNT preparation, we dispersed CNT forests in ethanol with 

ultrasonication and subsequently dropcasting the dispersion onto Cu TEM grids coated with 

Formvar.  We defined the diameter of a SWCNT as the perpendicular distance from the center of 

one wall to the center of the other.  Scanning electron microscopy (SEM) was performed with a 

Thermo Scientific Apreo SEM, operated at 5 kV accelerating voltage, with the incident electron 

beam perpendicular to the CNT axis. 

 

4.5 Raman spectroscopy 

Micro-Raman spectroscopy was performed using an inVia™ Qontor® confocal Raman 

microscope with excitation wavelength of λ = 633 nm at 20 mW power, a 1200 lines/mm grating, 

and a 50x long working distance objective magnification for ~ 1 μm spotsize.  Mapping was 

performed using LiveTrack™ to automatically track the top surface of the forest on a 6.5 cm 
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square area inscribed within the circular forest area with 500 µm steps (17161 total points 

collected in 160 min).  Maps were collected with 10% power and 0.5-second exposure at each 

spot, while single point spectra (i.e., Figure 3a, d) where collected with 5% power and 5-second 

exposure averaged over 5 accumulations.  Each spectrum was baseline subtracted with an 11th 

order polynomial prior to data analysis.  We quantified the mean structural quality of our CNT 

by calculating the ratio between the peak areas of the D-band (~1310 cm-1) and G-band (~1590 

cm-1), and the radial breathing mode peak intensities were extracted by integrating the area under 

the peak and normalizing to the D-band peak area. 
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