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Abstract

The root causes underlying run-to-run variations in the synthesis of vertically aligned carbon 

nanotubes (VACNTs) by chemical vapor deposition can be attributed to the sensitivity of the 

process to small uncontrolled/unmeasured quantities of gaseous species in the reactor. Hence, 

universally applicable processing steps are needed to ensure consistency. Here, we 

quantitatively test the effectiveness of various processing heuristics in reducing growth 

variability. Statistical analysis of 95 VACNT samples grown by 11 different recipes 

demonstrated that pumping with mild baking at 200 °C prior to catalyst formation resulted in 

significantly reduced coefficient of variation of forest heights (by a factor of 6). In contrast, 

other processing steps such as vacuum pumping without heating and adjusting He to H2 ratio 

during catalyst formation did not significantly affect growth variability; we could not reject the 

null hypothesis at any reasonable level of significance. Atomic force microscopy analyses 

suggest that variability in VACNT height is not caused by variations of nanoparticle size 

distribution, thus we can conjecture that the variability might be caused by variations in the 

chemical state of catalyst nanoparticles.
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1. Introduction

Chemical synthesis of nanoparticles, nanotubes, nanowires and other nanostructures 

has grown over the past several decades to include not only lab-scale research but also 

commercial production for various new technologies. Promising applications include medical 

diagnostics and therapeutics,1 batteries2 and other energy devices3 as well as optical4,5 and 

electrical6 devices. The global nanotechnology market was reported to be US$ 731 billion in 

2012.7 However, one recurring key challenge in commercialization of nanotechnology is to 

ensure reproducibility in the scaled production of functional nanostructures and 

nanomaterials.8,9 One root cause of this problem of inconsistency in chemical synthesis 

typically arises from the sensitivity of chemical reactions to small uncontrolled, and commonly 

unmeasured, quantities of chemical species in a reactor, particularly in heterogeneous 

catalysis. 

A specific example is the reproducibility issues in the synthesis of carbon nanotubes 

(CNTs) by chemical vapor deposition (CVD), which have been reported previously.10�13 Since 

their discovery, these allotropes of carbon with a hollow cylindrical nanostructure have 

attracted significant attention due to their superior mechanical,14 electrical,15 and thermal16 

properties. These excellent properties of individual CNTs can be fully transferred from the 

nanoscale to the macroscopic scale when they are assembled into hierarchical and 3D micron-

scale and macro-scale structures. A vertically aligned CNT array, often referred to as a CNT 

forest, combines high density and alignment, enabling many applications that leverage their 

unique anisotropic energy and mass transport properties, such as thermal interfaces 17, electrical 

interconnects,18 flow membranes,19 and structural materials.20 However, one roadblock 

towards the commercial manufacturing of CNT forests is the significant variability typically 
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reported in CVD growth.10�13 Run-to-run variations not only overwhelm any efforts for 

parametric optimization aimed towards tailoring structure and properties, but also severely 

limit our ability to do fundamental studies of growth kinetics and deactivation mechanisms 

aimed at catalyst design or revealing the effects of growth promoters. Hence, establishing 

robust synthesis processes for CNT forests is essential for reliable basic research into collective 

CNT growth, as well as for the successful commercialization of applications based on CNT 

forests.

In a typical catalytic CVD reactor, a CNT forest is synthesized from substrate-bound 

catalyst nanoparticles in an atmosphere containing hydrocarbon gas precursors.21�29 Previous 

studies have revealed that the main source of variability is oxygen-containing molecules that 

have uncontrolled low concentrations inside the growth reactor. Hart et al. showed that ambient 

humidity affects the variability of the growth by statistical analysis of 280 samples.10 Noy et 

al. reported that trace amount of water vapor (~ 1 ppm) can significantly affect the growth 

kinetics.12,30 Plata et al. showed that different concentrations of oxygen lead to different growth 

behaviors.31 They pointed out that a low concentration of oxygen can accelerate the Ostwald 

ripening of Fe catalyst nanoparticles and this effect can be mitigated by H2.

Hence, in order to minimize the uncontrolled effects of all chemical species such as 

oxygen-containing molecules, some universally applicable processing steps are needed for 

ensuring the consistency of CNT forest growth by CVD, i.e. we need processing steps that are 

agnostic to the actual chemical species whose uncontrolled variation underlies growth 

inconsistency in a way that would work no matter what those species are. Several research 

groups have reported different types of processing steps prior to the growth such as 

pumping,28,32 cycled pumping,33 heating of gas line with pumping.34 However, it is still unclear 
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how effectively these measures contribute to the reduction of variability in the growth of CNT 

forests, and whether they can be generalized to any CVD reactor. For example, Hart et al. 

demonstrated that rapid insertion of the substrate to the growth environment improves the 

growth consistency.11 However, the method requires a special setup (transfer arm sample 

loading system), which can pose some limitations on the broad application of this method. 

Moreover, rigorous statistical data analytics is needed to quantify both the reduction of 

variability and to co-optimize different process parameters that work in unison towards 

enhancing process robustness.

Here, we present a detailed approach to significantly improve the consistency of CNT 

forest growth based on combining statistical data analytics with cycling temperature and 

pressure in a rapid thermal processor. We grew CNT forests with 11 different growth recipes, 

all of which are derived from one baseline recipe with slight modification to quantitatively test 

specific hypotheses on growth consistency. Statistical analysis of 95 CNT forests grown using 

these 11 recipes demonstrated that some small recipe changes such as mild substrate baking at 

200 °C with pumping to below 30 mTorr prior to formation of catalyst particles resulted in a 

statistically significant reduction of growth variability.

2. Experimental

2.1. Custom-designed reactor

For the growth of CNT forests, we used a custom-designed rapid thermal processing (RTP) 

CVD reactor (CVD Equipment), schematically shown in Fig. 1a. The reactor consists of two 

adjacent furnaces: a resistive preheater for thermal decomposition of hydrocarbon precursors 
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(supplied through a coiled injector), and an infrared (IR) heater for catalyst treatment and CNT 

growth. The IR heater has 3-zone control along the reactor horizontal axis as well as 

independent control of top and bottom lamps, to create thermal gradients and achieve fast 

heating (> 50 °C/s). A viewing port enables in situ videography (Fig. 1b). Programmed 

dynamic recipes are automated, in order to eliminate human errors that could arise during 

transitioning between successive stages of the process, such as in the case of reactors that 

include a manual transfer arm. The growth data (e.g. time evolution of temperature, pressure, 

gas flow rates, etc.) are recorded for analytics, as shown in Fig. 2. A variety of gases (in this 

work: He, H2, and C2H4) can be used. A diaphragm air pump (Apollo 3000) is used for bake-

cleaning to remove carbon deposits from the previous growth experiments by heating in air. 

Special effort was taken to minimize the effect of ambient moisture. A vacuum pump enables 

pumping down to below 30 mTorr to remove oxygen-containing molecules in the reactor 

during the purging step. The addition of H2O is well controlled via a bubbler with accurate 

temperature and pressure control. All gas lines are stainless steel, which minimizes the release 

of oxygen-containing molecules from highly permeable polymer tubing.10 Further information 

about the reactor is provided in our previous work.35

2.2. Growth of CNT forests

As a substrate for the growth of CNT forests, a silicon wafer with a 300-nm-thick oxide layer 

was used. A 10-nm-thick AlOx film is then deposited by atomic layer deposition, followed by 

the deposition of 1-nm-thick Fe film by e-beam evaporation. The substrate was cut into small 

pieces with dimensions of approximately 5 mm × 5 mm.

Before every growth, we baked the reactor by supplying air into the reactor (using a diaphragm 

air pump), while heating up to 1000 °C, in order to burn off carbon deposits and remove all 
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contaminants adsorbed on the reactor wall. After the air baking, a piece of catalyst-coated 

substrate was loaded into the reactor and a growth was run automatically according to a 

programmed recipe. A typical recipe used for the growth of CNT forests in this work is 

described in Fig. 2. All the growth experiments were run at the preheater temperature of 825 °C. 

In all the recipes, the temperature and pressure of water bubbler were kept at 45 °C and 800 

Torr, respectively. The water vapor pressure at this condition is 71.9294 Torr.36 The He gas 

flow rate passing through the water bubbler was 200 sccm and the total flow rate was 1700 

sccm, so the water vapor concentration at this condition is calculated to be approximately 116 

ppm. Most of the recipes had a catalyst formation step that is completely decoupled from the 

CNT growth step (hereafter referred to as decoupled recipe, Fig. 2), while the other recipes had 

catalyst formation that is coupled to CNT growth step as in conventional recipes (hereafter 

referred to as coupled recipe, Fig. S1). Before the catalyst formation step, there were two 

pumping steps. The first pumping was at the beginning of the recipe and performed without 

heating. The second pumping was performed when the substrate temperature reached 200 °C 

due to the heating of the preheater to 825 °C (see Fig. 2). Each recipe had different pumping 

sequences. Some recipes included only the first pumping step. In general, the first pumping 

time was either 0.3 or 12 minutes, and the second pumping time was either 10 or 20 minutes. 

2.3. Characterization

The height of CNT forests was measured by optical microscopy, as shown in Fig. 3. We 

collected three height measurements from two sides (�front� and �side�), as shown 

schematically in Fig. 3a. Commonly, it is assumed that the geometry of a CNT forest is a 

uniform cuboid and the height of a CNT forest is reported by a single measurement. However, 

the millimeter-scale forest geometry in many cases exhibits significant non-uniformities, as 
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shown in Fig. 3b-c. To acquire a more representative measurement for the height of a CNT 

forest, the geometric non-uniformity needs to be taken into consideration. To achieve this, the 

overall mean height is calculated by averaging those six values (three from front and three from 

side view) according to the following definition:

��� =  �
3

	 = 1
��	 3

��� =  �
3

	 = 1
��	 3

�� =  
��� +  ���

2

, where FH is the height measured from the front, SH is the height measured from the side, �FH 

is the mean height measured from the front, �SH is the mean height measured from the side, and 

�H is the overall mean height.

The catalyst nanoparticles after various treatment conditions (without CNT growth) were 

analyzed by tapping-mode atomic force microscopy (AFM) using Veeco Dimension 3100V. 

Post processing of the AFM images for obtaining particle size distribution was performed using 

Gwyddion software (http://www.gwyddion.net). The morphology and structural quality of the 

as-grown CNT forests were analyzed by scanning electron microscopy (SEM) using JEOL 

JSM-6510 and Raman spectroscopy (Xplora, Horiba Scientific), respectively.

3. Results and Discussion

3.1. Quantifying geometric nonuniformity in forest growth

CVD-grown CNT forests were first characterized by SEM (Fig. 3d-e) and Raman 
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spectroscopy (Fig. S2). Before analyzing run-to-run variations, we found that it is important to 

quantify the geometric uniformity within each CNT forest, which is also a metric of the overall 

robustness of the growth process when these geometric features are not repeatable. As a 

measure of geometric uniformity of a CNT forest, we use a calculated variable called front-to-

side difference ratio (FSDR), 

.����� =  
����  ���

���
 × 100

For perfectly uniform CNT forests, FSDR should always be 0. If the average of FSDR is biased 

toward positive or negative value, that would indicate a preferential spatial distribution of CNT 

growth on the same substrate. Such spatial map may arise from undesirable anisotropic 

temperature profiles or variations in local concentration of precursors, which depend on the 

reactor design and fluid dynamics. When we measured FSDR of all the CNT forests, FSDR 

showed a symmetric distribution centered around 0 (Fig. 3f). The narrow distribution of FSDR 

indicates that there is no significant geometric non-uniformity within a CNT forest. In addition, 

the symmetry around 0 suggests that there is no significant anisotropic tendency in our CVD 

reactor that could be attributed to the reactor design, temperature profiles, or flow patterns. 

It is also worth noting that the absolute value of FSDR (AFSDR) has a negative correlation 

with height of a CNT forest (Fig. 3g and Fig. S3). This indicates that, given the same growth 

condition, uniform growth within a wafer leads to growth of taller CNT forests. This can be 

attributed to the higher internal mechanical stresses within non-uniform forest growth, which 

might cause early growth termination,37,38 even locally.

In addition, Fig. S3 includes histograms of CNT forest heights for samples grown after different 

pumping times. Although, we can observe that shorter pumping generally leads to shorter 

Page 9 of 45

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



10

forests, we are more focused in this present work on the effects of processing steps (such a 

pumping time) on the run-to-run variations in forests height, as opposed to the values of forest 

height.

3.2. Factors affecting run-to-run variations in forest growth

Various factors can potentially influence run-to-run variations in CNT growth by CVD 

including variability in concentration and transience of specific chemical species, non-

repeatability of temperature and flow rates, as well as human error in experimental procedure 

and sample placement. However, thorough statistical data analytics has not been always 

employed to test these hypotheses and to quantify the significance of the effects of each 

independent variable. In this paper, we test several hypotheses based on the assumption that 

the main source of variability is small uncontrolled concentrations of oxygen-containing 

molecules in the reactor. We focused on factors that may influence the adsorption of small 

molecules on, and their diffusion in, the reactor wall. These minute changes to the atmosphere 

inside the reactor resulting from adsorption/diffusion and outgassing of molecules from the 

reactor wall can affect the formation of Fe catalyst nanoparticles by thin film dewetting, as well 

as the catalytic growth of CNT forests. In addition, in an effort to demonstrate the universality 

of our approach, we also investigate how these factors influence the growth by different types 

of recipes (coupled and decoupled).

Specifically, we hypothesized that the following four factors may influence the 

consistency of CNT forest growth by CVD. The first factor was pumping down the reactor to 

low pressure (below 30 mTorr) before catalyst formation to see if pumping down at room 

temperature is enough to remove oxygen-containing molecules in the reactor. The second 

factor is additional pumping to low pressure (below 30 mTorr) with mild baking at 200 °C 
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before catalyst formation (hereafter referred to as vacuum baking at 200 °C). Since the 

efficiency of vacuum baking is well known,39 we hypothesized that heating might be necessary 

if the vacuum pumping at room temperature is not enough. We chose the temperature during 

pumping to be 200 °C, which is high enough for effective outgassing from reactor walls, but 

not too high to affect the catalyst film restructuring or dewetting. The third factor is the 

temperature of the reactor when it is opened after the air baking recipe (hot open vs. cold open) 

because temperature-dependent adsorption of small molecules might affect the subsequent 

growth experiment. Finally, the fourth factor was the ratio of He to H2 during the catalyst 

formation step (i.e., He rich vs. H2 rich). This factor was considered because of previous work 

showing that the effects of small concentrations of oxygen during catalyst formation can be 

mitigated by increasing H2 concentration.31

To test the effect of these factors on the consistency of growth, we designed 11 recipes 

to grow CNT forests as described in Table 1. All recipes share an identical condition for the 

CNT growth step, but vary in one or more of the four processing factors mentioned above. 

There are four levels of pumping time: 0.3, 12, 22, and 32 minutes. In the cases of 0.3 and 12 

minute pumping, the reactor was pumped down without heating. In the cases of 22 and 32 

minute pumping, there was additional pumping at 200 °C for 10 and 20 minutes, respectively 

(following the first step of pumping without heating). In the He-rich catalyst formation 

conditions, the flow rate for He and H2 were 1210 and 490 sccm, respectively, and in the H2-

rich catalyst formation conditions, the flow rate for He and H2 were 700 and 1000 sccm, 

respectively. The temperature for �hot opening� was between 180 and 200 °C, and for �cold 

opening�, below 80 °C. Each recipe was repeated at least 6 times and the number of repeats is 

indicated in Table 1.
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3.3. Quantifying coefficient of variation as a function of pumping time

As a measure of variability of the height between CNT forests grown by each recipe, 

we relied on the coefficient of variation (CV), defined as the ratio of the standard deviation to 

the mean.40 CV is a dimensionless number and a widely used measure of variability because it 

is not affected by different means of populations or units of measurement, in contrast to 

standard deviation or variance. The CV values for height of CNT forests obtained from 11 

recipes are plotted in Fig. 4. A low CV indicates that the recipe leads to consistent growth 

results, so the robustness of each recipe can be plotted as a function of pumping time prior to 

starting the growth recipe. It is noteworthy that with only 0.3 minute pumping, CV was very 

large (about 0.6). Importantly, our results show that CV decreased by 6-folds (down to about 

0.1) in recipes that incorporated vacuum baking at 200 °C.

The dimensionless value of CV is a good metric for quantitatively comparing the 

robustness of various recipes, and as seen from the six-fold improvement of CV shown in Fig. 

4, the improvement is practically significant. However, in order to confirm that these 

differences between recipes are statistically significant and to identify the significance level, 

we utilize statistical hypothesis testing. In fact, hypothesis testing is also a useful tool to 

describe the effects of other non-quantitative processing variable on CV, such as reactor 

opening temperature and the gas composition during the catalyst formation step.

3.4. Statistical hypothesis testing of CV equality

There are several statistical tests for the equality of CV.41�43 In this work, we used the 

R package cvequality (Version 0.1.3; Marwick and Krishnamoorthy 2019) to test for 

significant differences in CV.44 We used two types of tests: asymptotic test developed by Feltz 

and Miller41 and modified signed-likelihood ratio test (M-SLRT) developed by 
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Krishnamoorthy and Lee.42 The asymptotic test by Feltz and Miller is widely cited as an 

authoritative test for the equality of CV, and the M-SLRT test was recently developed and has 

the advantage of having low type I error rates even for sample sizes that are as small as three.42

To investigate the effect of pumping time, gas composition during catalyst formation, 

and reactor opening temperature on CV, we tested the equality of CV for various pairs of 

recipes as shown in Table 2. The null hypothesis (H0) in each case was that the CV for forest 

heights in the first set of experiments carried out according to recipe i (CVi) is equal to the 

coefficient of variation for forest heights in the other set of experiments carried out according 

to recipe j (CVj), i.e. . In this case, the alternative hypothesis (Ha) was that the �0: ��	 = ���

CV for forest heights in the first set of experiments carried out according to recipe i (CVi) is 

not equal to the CV for forest heights in the other set of experiments carried out according to 

recipe j (CVj), i.e. . The statistic and p-value for each hypothesis test comparing ��: ��	� ���

every pair of recipes, from two types of tests, are shown in Table 2. 

3.5. Statistically significant improvement in CV for vacuum baking at 200 °C

Results show that a statistically significant difference in CV was observed only when 

we compared two recipes with different pumping times, according to a significance level of 

0.025, which indicates a strong evidence against the null hypothesis.45 Whenever a recipe with 

the vacuum baking at 200 °C was compared with one without the vacuum baking at 200 °C, a 

statistically significant difference in CV at a significance level of 0.02, i.e. the null hypothesis 

was always rejected regardless of other conditions. However, when 0.3 minute pumping and 

12 minute pumping recipes were compared (cold open, decoupled, He-rich), we failed to 

conclude that there is significant difference in CV (p-value = 0.662 from asymptotic test and 

0.632 from M-SLRT), although the CV values seem practically different (CV = 0.688 for 0.3 
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minute pumping and 0.311 for 12 minute pumping). These results indicate that heating during 

the pump down at 200 °C plays a crucial role in reducing the variability in CNT forest growth 

by CVD. On the other hand, pumping down to low pressure (30 mTorr) without heating was 

not effective enough to reduce growth variability. 

3.6. No significant CV improvement for other factors

The other factors including different gas compositions (He/H2 ratios), and reactor 

opening temperature after baking did not result in significantly different CV, i.e. the null 

hypothesis could not be rejected because of high p-values (see Table 2). Three pairs of recipes 

that had different He/H2 ratios were compared, but none of them had significantly different 

CV. One explanation is that the high H2 concentration during the catalyst formation step is not 

enough to prevent the run-to-run variation of catalyst formation in the presence of oxygen-

containing molecules. Another possibility is that even if the effect of oxygen-containing 

molecules was effectively mitigated by high H2 concentration during catalyst formation step, 

the oxygen-containing molecules could still lead to variability during the CNT growth step. In 

addition, when four pairs of recipes that differed according to the temperature of the reactor 

when it is opened after the air baking recipe (cold open vs. hot open) were tested, no statistically 

significant difference in CV was observed. This implies that the temperature-dependence of 

adsorption of small molecules is not too significant to affect the growth consistency and that 

the pumping steps before each recipe are enough to significantly reduce CV, regardless of 

whether a �cold open� or �hot open� procedure is adopted after baking.

We also studied the difference between coupled recipes and decoupled recipes to test 

how other factors influence the growth consistency in different types of recipes. The influence 

of decoupling on CV was dependent on other conditions. For example, in the case of �hot open, 
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12 min-pumping, and He-rich catalyst formation�, the CV of decoupled recipe was 

significantly higher than that of coupled recipe (p-values underlined in Table 2: 0.0038 from 

asymptotic test and 0.0075 from M-SLRT) at a level of significance of 0.02. On the contrary, 

in the case of �cold open, 32-minute pumping, and He-rich catalyst formation�, decoupling did 

not lead to different CV (p-value = 0.652 from asymptotic test and 0.689 from M-SLRT), and 

we could not reject the null hypothesis at any reasonable level of significance. A possible 

explanation is that decoupling potentially makes the process more sensitive to variation, which 

may be due to the extended exposure of the catalyst nanoparticles to the transient conditions 

during the cooling and heating between the catalyst formation step and the CNT growth step. 

Importantly, the vacuum baking can make the decoupling recipes more reproducible.

3.7. Decoupling the effect of vacuum-baking on nanoparticle size distribution

The vacuum-baking step, which was shown to significantly improve CV, is performed 

before both the catalyst preparation and the CNT growth steps. Thus, it is necessary to 

investigate the effects of this vacuum-bake on the resulting nanoparticle size distribution after 

the catalyst preparation step and before the CNT growth step. We used AFM to characterize 

the size distribution of catalyst nanoparticles formed after different pumping conditions. To 

examine the effect of pumping time, we compared two recipes: 0.3 minute pumping and 32 

minute pumping with all other conditions being equal (cold open, decoupled, He-rich). For 

each pumping time, two sets of samples were prepared: For the first set, the recipe was stopped 

before the first temperature ramp (i.e. before ramping the temperature up to the catalyst 

preparation temperature); In the second set, the recipe was stopped before the second 

temperature ramp (i.e. after the catalyst preparation step is over and before ramping the 

temperature up to the growth temperature). These two sets of samples enabled us to 
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characterize the distribution of nanoparticles before or after catalyst formation, respectively.

In both the pumping times, before the catalyst formation step, no dewetting of catalyst 

film was observed (Fig. 5a and c). The surfaces remained flat without forming notable 

nanoparticles. Importantly, the vacuum baking step at 200 °C did not influence catalyst 

dewetting, which confirms that the temperature of 200 °C is too low for significant thin film 

evolution at low pressure.

After the formation of catalyst nanoparticles, the size distributions look different 

depending on the pumping time (Fig. 5b and d). For the set of samples that were imaged after 

catalyst formation, we prepared 3 samples per recipe and took 6 AFM images for each sample 

at different locations for a thorough statistical examination (Fig. S4 and S5). The histogram 

(Fig. 5e) and box plot (Fig. S6) of the distribution of nanoparticles heights shows a clear shift 

in the mean size with longer pumping of 32 minutes resulting in smaller nanoparticles than the 

shorter pumping of 0.3 minutes.

A summary of our quantitative AFM analysis is shown in Table 3, along with statistical 

analysis and hypothesis testing results. First, we compared the mean values for height of 

nanoparticles, root mean square (RMS) roughness and number density of nanoparticles, using 

two-sample Student�s t-test. According to the test, the catalyst nanoparticles from 0.3 and 32 

minute pumping had significantly different mean heights (p-value = 0.027) and mean RMS 

roughness (p-value = 0.009) at a level of significance of 0.05. This finding is consistent with 

previous work by Plata et al., which showed that oxygen promotes Ostwald ripening. The 

concentration of oxygen-containing species should be higher after 0.3 minute pumping 

compared to 32 minute pumping resulting in larger nanoparticles.31 However, the mean number 

density of nanoparticles did not show a statistically significant difference (p-value = 0.585).
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Although there were statistically significant differences in nanoparticle sizes, no 

significant differences in CV were observed in terms of mean height of nanoparticles, mean 

RMS roughness, and mean number density of nanoparticles at a level of significance of 0.05 

(Table 3). This suggests that the sample-to-sample variability of a CNT forest growth shown 

earlier in Table 2 does not originate from sample-to-sample variability in the distribution of 

nanoparticle sizes. Rather, it is more likely that the run-to-run variations among CNT forest 

heights arise from variations in catalytic activation, CNT nucleation/growth, and catalyst 

lifetime.

3.8. Mechanism of consistency improvement by vacuum baking 

Among the various factors tested, only vacuum baking at 200 °C led to significantly 

reduced variability (both statistically and practically significant differences in CV). In fact, the 

vacuum baking is a widely used technique to remove water vapor and other volatile 

contaminants from reactors and deposition chambers.39 In a reactor, gas molecules are not only 

present in the internal volume between the walls, but also sticking on the wall by adsorption 

(and perhaps also moving in the bulk thickness of the wall by diffusion). Under pumping, the 

gas molecules in the volume are rapidly removed, but those on and in the wall are more difficult 

to remove. Thus, the rate of diffusion through the wall and the rate of desorption from the wall 

surface determine effectiveness of any pumping/baking step. The term �outgassing� includes 

desorption of gas molecules adsorbed to the reactor wall surface and diffusion of gas molecules 

inside the bulk of the reactor wall towards the surface (Fig. 6a). Diffusion is usually a much 

slower process than desorption, so the overall outgassing rate is typically governed by the 

outdiffusion rate. The diffusion constant, D, is a function of temperature, given by � =  �0

, where D0 is the maximal diffusion coefficient, ED is the activation energy for �
( ��� ��)
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diffusion, k is the Boltzmann constant, and T is the absolute temperature. Due to the exponential 

dependence on temperature, a modest increase in temperature sharply increases outdiffusion 

rate as described in Fig. 6b. Here, we quantitatively estimate the difference of outgassing rates 

at different temperatures, assuming a uniform initial concentration of dissolved gas in a wall. 

The outgassing rate, q, can be expressed as

 =  �0(
�

!"
)

1/2

[1 + 2

%

�
1

( �1)&exp ( � &2*2

�" )],

where 2d is the thickness of the material, C0 is the internal pressure of the gas dissolved in the 

solid.39 The outgassing rate equation is obtained by solving the diffusion equation. In Fig. 6c, 

we plotted the outgassing rates with two different diffusion coefficients of water through silica 

glass: D = 10-18 m2 s-1 at 25 °C and D = 10-14.5 m2 s-1 at 200 °C.46

 The outgassing rate is reported in unites of Pa.m.s-1 and can be converted into diffusion flux 

units.47 The plot indicates that the initial outgassing rate is faster at 200 °C than at 25 °C more 

than 100 times, as can be expected from the huge difference in diffusion coefficients. Hence, 

the vacuum baking at 200 °C effectively removes oxygen-containing molecules before starting 

the growth recipe, in effect �resetting� the conditions in the reactor before catalyst preparation 

and CNT growth steps. The results are consistent with the previous reports that the growth of 

CNT forest by CVD is exceedingly sensitive that even ppm level of oxygen-containing 

molecules can significantly influence the growth.10,12,22,30,31

3.9. Scientific origins of CNT growth consistency improvement 

The trace amounts of oxygen-containing molecules may influence the two steps of the 

growth: the catalyst formation step and the CNT growth step. When we consider the catalyst 
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formation step first, the AFM results suggest that the sample-to-sample variability of a CNT 

forest growth does not originate from sample-to-sample variability in the distribution of 

nanoparticles. Instead, we should consider the chemical effects during catalyst formation. In 

fact, for a nanoparticle to have catalytic activity for CNT growth, proper chemical state48�52 as 

well as appropriate size53 are required. Especially, it is known that oxidation state of the catalyst 

plays a key role in the growth of CNT forests. Hofmann et al. showed that for Fe, the active 

state of the catalyst is a crystalline metallic nanoparticle, not the oxide.50,51 Teblum et al. 

investigated the effect of oxidation state of Fe on the growth of CNT forests by tuning the 

catalyst pretreatment processes with different gas-phase environment and found that the most 

reductive environment during catalyst pretreatment processes yields the most efficient 

growth.52 Because of the dependence of catalytic activity on the oxidation state of catalyst 

nanoparticles, thorough control of oxygen-containing molecules inside the reactor is of critical 

importance for CNT forest growth.

The high sensitivity of CNT growth kinetics to oxygen-containing molecules has also 

been previously observed by Noy et al.12,30 In those reports, even 1 ppm level of water vapor 

significantly affected the growth kinetics. In fact, impurities issue has long been an inherent 

limitation in atmospheric pressure CVD (APCVD) as compared to low pressure CVD.54 For 

example, it has been recently shown that in the synthesis of graphene using APCVD, sub-ppm 

levels of residual oxygen-containing impurities significantly influence the synthesis reaction 

by oxidatively etching the graphene.55,56 Since the CNT nucleation step, wherein carbon atoms 

self-organize on the surface of catalyst nanoparticles before CNT lift-off, shares similar 

physicochemical pathways with graphene synthesis, similar etching processes induced by 

oxygen-containing impurities might also influence the CNT nucleation step, leading to 
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inconsistency of nucleation density, growth rates, and catalytic lifetime growth. Thus, the 

improved consistency of CNT forest growth achieved by the vacuum-baking that we observe 

in this work is likely resulting from improved consistency in chemical atmosphere inside the 

reactor during both catalyst formation and CNT growth steps. In particular, we demonstrate an 

improved process robustness, resulting from the reduced variability in small uncontrolled 

concentrations of oxygen containing molecules, such as H2O and O2.

4. Conclusion

We use statistical data analytics to aid in the decision making regarding processing steps aimed 

at reducing run-to-run variations in the growth of CNT forests by catalytic CVD. Based on the 

hypothesis that the growth inconsistency mainly originates from small uncontrolled 

concentrations of oxygen-containing molecules in the reactor, we tested the effects of four 

factors on run-to-run variations: (1) pumping before catalyst formation, (2) additional vacuum 

baking at 200 °C before catalyst formation, (3) the temperature of the reactor when it is opened 

after the air baking recipe, and (4) the ratio of He to H2 during the catalyst formation step. 

Besides, we tested how these factors affect the run-to-run variation in different types of recipes 

(coupled and decoupled). To test the effect of these factors, we designed 11 recipes and 

statistically analyzed the results for 95 CNT forests. Among the four factors, only the vacuum 

baking at 200 °C led to a decrease in variability that is both statistically and practically 

significant. By AFM analyses, we confirmed that the vacuum baking did not cause dewetting 

of catalyst film. On the other hand, when we compared the nanoparticle size distribution after 

catalyst formation no significant difference in variability was observed for nanoparticle height 

or number density. Based on the AFM analyses, we can conjecture that run-to-run variations 
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in CNT forest growth arises from sensitivity to chemical state of catalyst nanoparticles to small 

uncontrolled concentration of oxygen containing species, rather than variability in size 

distribution or number density of nanoparticles. The vacuum-baking approach is applicable to 

other CVD synthesis of nanomaterials such as graphene and various nanowires where a careful 

control of chemical composition of gaseous species inside the reactor is required before the 

fabrication process.
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Fig. 1. (a) Schematic representation of the RTP CVD reactor used in this work. (b) Snapshots 

of a CNT forest growing in the reactor recorded by the video camera (sample size [ 10 × 10 

mm2).
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Fig. 3. (a) Schematic showing the forest height measurements from two different sides. (b) 

Front and (c) side view optical image of a typical CNT forest. (d, e) SEM images of a typical 

CNT forest. (f) Histogram of FSDR of CNT forests. (g) Plot of absolute values of FSDR as a 

function of forest height, showing the negative correlation. The red line is the linear regression 

line (R2 = 0.116).
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Fig. 4. CV of height of CNT forests synthesized from various growth recipes described in Table 

1.
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Fig. 5. (a, b) Representative AFM images of substrates after different treatments after pumping 

down for 0.3 minutes: (a) before catalyst preparation step and (b) after catalyst preparation 

step. (c, d) Representative AFM images of substrates after different treatments after pumping 

down for 32 minutes: (c) before catalyst preparation step and (d) after catalyst preparation step. 

Scale bars are 200 nm. (e) Histogram of nanoparticle heights after the catalyst preparation step 

for different pumping times (0.3 and 32 minutes).
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Fig. 6. (a)-(b) Schematic representations of outgassing: (a) Outgassing includes desorption 

from the wall surface and diffusion from inside the bulk of the wall; (b) Slow outgassing at low 

temperature and fast outgassing at high temperature. (c) Outgassing rate vs. time with two 

different diffusion coefficients: D = 10-18 m2 s-1 at 25 °C and D = 10-14.5 m2 s-1 at 200 °C. The 

diffusion coefficients are estimates for water diffusion through silica glass. For the calculation, 

we assumed C0 = 105 Pa and d = 10-4 m.

Page 34 of 45

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



35

Table 1. Description of recipes and statistics obtained from the growths by each recipe.

Description of recipe
Average 
height [mm]

Standard 
deviation 
[mm]

Coefficient 
of variation 
(CV)

Number of 
samples

Decoupled, He-rich annealing, 0.3-
pumping, Cold-open

0.39 0.27 0.69 7

Decoupled, H2-rich annealing, 0.3-
pumping, Cold-open

0.31 0.16 0.51 7

Decoupled, He-rich annealing, 12-
pumping, Hot-open

0.90 0.48 0.53 6

Decoupled, He-rich annealing, 12-
pumping, Cold-open

0.72 0.22 0.31 7

Decoupled, He-rich annealing, 22 min-
pumping, Hot-open

1.16 0.17 0.14 7

Decoupled, He-rich annealing, 22 min-
pumping, Cold-open

1.25 0.11 0.08 6

Decoupled, He-rich annealing, 32 min-
pumping, Hot-open

0.80 0.09 0.11 7

Decoupled, He-rich annealing, 32 min-
pumping, Cold-open

0.92 0.16 0.17 7

Decoupled, H2-rich annealing, 12-
pumping, Cold-open

0.77 0.20 0.27 9

Decoupled, H2-rich annealing, 32 min-
pumping, Cold-open

0.75 0.08 0.10 7

Coupled, He-rich annealing, 12-
pumping, Hot-open

1.03 0.14 0.14 8

Coupled, He-rich annealing, 12-
pumping, Cold-open

0.98 0.21 0.22 10

Coupled, He-rich annealing, 32- 0.81 0.11 0.14 7
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pumping, Cold-open
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Table 2. Results of statistical tests for equality of CV of height of CNT forest. The recipes with 

different pumping time, gas composition during catalyst formation, and reactor opening 

temperature were compared. P-values less than 0.02 are marked bold.


 Asymptotic test M-SLRT test

Statistic p-value Statistic p-value

Pumping time

Cold open, decoupled, 0.3 min, He rich vs 
Cold open, decoupled, 12 min, He rich 

0.191 0.662 0.229 0.632

Cold open, decoupled, 0.3 min, He rich vs 
Cold open, decoupled, 22 min, He rich

7.588 0.00587 8.61688 0.00333

Cold open, decoupled, 0.3 min, He rich vs 
Cold open, decoupled, 32 min, He rich

9.5024 0.00205 11.343 0.000756

Cold open, decoupled, 12 min, He rich vs 
Cold open, decoupled, 22 min, He rich

6.625 0.010054 6.236 0.0125

Cold open, decoupled, 12 min, He rich vs 
Cold open, decoupled, 32 min, He rich

8.984 0.00272 8.793 0.00302

Gas composition during catalyst formation 
 
 
 


Cold open, decoupled, 0.3 min, He rich vs 
Cold open, decoupled, 0.3 min, H2 rich

0.3208 0.57108 0.298 0.585

Cold open, decoupled, 12 min, He rich vs 
Cold open, decoupled, 12 min, H2 rich

0.155 0.693 0.114 0.735

Cold open, decoupled, 32 min, He rich vs 
Cold open, decoupled, 32 min, H2 rich

1.5489 0.2132 1.463 0.2263

Reactor opening temperature 
 
 
 


Cold open, decoupled, 12 min, He rich vs 
Hot open, decoupled, 12 min, He rich 

1.589 0.213 1.04 0.3077

Cold open, decoupled, 22 min, He rich vs 
Hot open, decoupled, 22 min, He rich 

1.376 0.24 1.367 0.242

Cold open, decoupled, 32 min, He rich vs 
Hot open, decoupled, 32 min, He rich 

1.010331 0.3148 0.943 0.3314

Cold open, coupled, 12 min, He rich vs 
Hot open, coupled, 12 min, He rich

1.359 0.243 1.3904 0.2388

Decoupled catalyst formation

Hot open, decoupled, 12 min, He rich vs 
Hot open, coupled, 12 min, He rich

8.399 0.0038 7.161 0.0075

Cold open, decoupled, 12 min, He rich vs 
Cold open, coupled, 12 min, He rich

0.886 0.346 0.691 0.406

Cold open, decoupled, 32 min, He rich vs 
Cold open, coupled, 32 min, He rich

0.204 0.652 0.160 0.689
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Table 3. Main statistics from AFM analyses of substrates before second ramping with different 

pumping times and results of statistical tests (two-sample t-test and CV equality test). P-values 

less than 0.05 are marked bold.

Mean particle 
height [nm]

Mean RMS 
roughness [nm]

Mean particle 
number density 
\^�-1]

Sample 1 7.96 1.83 1684

Sample 2 7.66 1.86 1713

Sample 3 8.07 1.91 1291

0.3 min 
pumping

Average 7.90 1.87 1563

Sample 1 6.81 1.58 1732

Sample 2 5.76 1.30 1241

Sample 3 6.99 1.50 1356

32 min pumping

Average 6.52 1.46 1443

t-test

t-statistic 3.42 4.77 0.5928

p-value 0.027 0.009 0.5852

CV equality test (asymptotic)

statistic 2.77 3.28 0.0527

p-value 0.096 0.070 0.8184

CV equality test (M-SLRT)

statistic 2.34 2.93 0.0170

p-value 0.126 0.087 0.8962
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Fig. 1. (a) Schematic representation of the RTP CVD reactor used in this work. (b) Snapshots of a CNT forest 
growing in the reactor recorded by the video camera (sample size ≈ 10 × 10 mm2). 
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Fig. 2. A typical decoupled dynamic recipe used in this work. The recipe includes first pumping, second 
pumping at around 200 °C, a decoupled catalyst formation step, and CNT growth step. 
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Fig. 3. (a) Schematic showing the forest height measurements from two different sides. (b) Front and (c) 
side view optical image of a typical CNT forest. (d, e) SEM images of a typical CNT forest. (f) Histogram of 

FSDR of CNT forests. (g) Plot of absolute values of FSDR as a function of forest height, showing the negative 
correlation. The red line is the linear regression line (R2 = 0.116).  
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Fig. 4. CV of height of CNT forests synthesized from various growth recipes described in Table 1. 
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Fig. 5. (a, b) Representative AFM images of substrates after different treatments after pumping down for 0.3 
minutes: (a) before catalyst preparation step and (b) after catalyst preparation step. (c, d) Representative 
AFM images of substrates after different treatments after pumping down for 32 minutes: (c) before catalyst 

preparation step and (d) after catalyst preparation step. Scale bars are 200 nm. (e) Histogram of 
nanoparticle heights after the catalyst preparation step for different pumping times (0.3 and 32 minutes). 
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Fig. 6. (a)-(b) Schematic representations of outgassing: (a) Outgassing includes desorption from the wall 
surface and diffusion from inside the bulk of the wall; (b) Slow outgassing at low temperature and fast 

outgassing at high temperature. (c) Outgassing rate vs. time with two different diffusion coefficients: D = 
10-18 m2 s-1 at 25 °C and D = 10-14.5 m2 s-1 at 200 °C. The diffusion coefficients are estimates for water 

diffusion through silica glass. For the calculation, we assumed C0 = 105 Pa and d = 10-4 m. 
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