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Diameter-Selective Density Enhancement of Horizontally 
Aligned Single-Walled Carbon Nanotube Arrays by 
Temperature-Mediated Method

Hongjie Zhang, Wenhuai Zhuge, Feng Yang, Lixing Kang, Shuchen Zhang, Ran Du, 
Jinjie Qian, Zhi Yang, Yagang Yao, Pan Li,* Yue Hu,* and Jin Zhang*

High-density single-walled carbon nanotube (SWNT) arrays with specific 
diameters are pursued as potential building blocks in future nanoelectronic 
devices. The direct growth of SWNT arrays on the single-crystal substrate has 
proved offering densely packing high-quality SWNTs. However, further increase 
of SWNT density is limited by the deactivation of the catalyst nanoparticles 
during chemical vapor deposition process. Moreover, an increase of array den-
sity without any structure control of SWNTs would make the benefit effect very 
limited. Here, a temperature-mediated method is proposed to achieve a high-
density SWNT array with a specific diameter via continual growth of SWNTs 
after reactivating poisoned catalysts with high carbon capacity and appropriate 
size. The density of obtained SWNT array on the quartz substrate is increased 
by more than three times, with diameter distribution controlled ≈2 nm. This 
approach paves the way for the integration of SWNTs into nanodevices.
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layouts and structures of the nanotube 
sample, such as electronic property, density,  
alignment, and diameter of SWNTs.[1] 
Specially, the degree of density and the 
alignment should be sufficiently high to 
fabricate large-scale ICs through industry-
compatible technologies[2]; the nanotube 
diameter should be within a proper range 
because the requirements on bandgap 
and the contact resistance at the interface 
should both be satisfied.[3] Various studies 
are now being conducted on the synthesis  
of the desired SWNT arrays using two 
major approaches, post-synthesis treat-
ment methods, and direct growth 
methods. The post-synthesis techniques 
such as multiple transfer techniques,[4] 
multiple dispersion and sorting process 

method,[5] soft-lock drawing method,[6] and Langmuir–Schaefer 
methods[7] have been reported to prepare high-density SWNT 
arrays promising for IC application, where the orientation,  
surface cleanness and diameter control of the nanotubes still 
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1. Introduction

The application of single-walled carbon nanotube (SWNT) in 
integrated circuits (ICs) has proposed several key demands on 
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need to be improved before their practical application. In 
contrast, direct growth by chemical vapor deposition (CVD) 
methods has attracted extensive attention because they could 
produce clean and high-quality horizontal arrays. It is known 
that the critical factor is the catalyst in direct growth methods.[8] 
Therefore, the studies aiming at increasing the SWNT arrays  
density all tried to enhance the efficiency of catalysts from 
different aspects including magnesium-assisted catalyst 
anchoring strategy,[9] multiple-cycle growth method,[10] sequential  
CVD method,[11] multiple catalysts reactivation method,[12] and 
Trojan catalysts method,[13] which ended up with horizontal  
arrays density of 20–160  SWNTs  µm−1. However, these 
approaches commonly experience an etching environment, 
which will invariably influence the quality and structure of the 
as-grown SWNTs. Meanwhile, the increase in catalyst efficiency 
was often carried out based on empirical rules, due to the lack 
of a deep investigation of the underlying mechanism. Addition-
ally, enhancing the density of SWNT arrays without any struc-
ture control would limit the effect in the application.[3b]

The creation of horizontal arrays of high-density SWNT with  
specific diameters requires the development of a revolutionary 
approach. In this work, we develop a novel temperature-
mediated method for the growth of high-density SWNTs with 
controlled diameter distribution by reactivating the poisoned 
catalysts. The catalyst reactivation occurred at a temperature 
(referred to as the reactivation temperature, Tre) higher than 
the growth temperature as shown in Figure 1. Since the carbon 
capacities increase at a higher temperature for high carbon 
capacity metal,[14] the poisoned metal catalysts become capable 
of catalyzing SWNT growth by dissolving the coated carbon 
on the surface at Tre, which can be found by in  situ dynamic 
observation in the environmental transmission electron micro-
scope (ETEM). This relation between the carbon dissolution 
capability of metal catalysts and the reactivation temperature 
is engineered and utilized to realize the growth of nanotubes 
with specific structures. After multiple temperature-mediated 
growths, the denser arrays (60  SWNTs  µm−1) with average 
diameters of 2.13  nm are obtained on the quartz substrate. 
The field-effect transistors (FET) fabricated on obtained SWNT 
arrays exhibit a better current carrying capability (317 µA µm−1). 

The temperature-mediated growth strategy realizes the density 
enhancement of SWNT arrays on quartz, as well as the mean-
ingful structure control. Furthermore, the detailed in situ inves-
tigation of the reactivation mechanism is believed to provide 
essential insights for SWNT growth.

2. Results and Discussion

Herein, iron is used as the metal catalyst for the growth of high-
density SWNTs through the temperature-mediated method. From 
scanning electron microscope (SEM) observations (Figure 2a  
and left image in Figure  2b), uniform high-density SWNT 
arrays are obtained. Atomic force microscope (AFM) and TEM 
further indicate that the density of the SWNT arrays can reach 
60 SWNTs µm−1 in Figure 2b,c. Meanwhile, the high-resolution 
TEM of SWNT reveals that the obtained SWNTs have a clean 
and smooth surface, indicating the premium quality of SWNTs. 
The Raman spectra of the SWNT arrays excited by the 532 nm 
laser (Figure  2d) are almost free of any D bands, proving 
the high quality of the SWNT arrays. A narrow distribution 
≈2.13 nm of SWNTs diameter can be observed by AFM analysis, 
which corresponds to the concentrated radial breathing mode 
(RBM) peak in the Raman spectrum. Hence, the cleanness and 
orientation of the obtained SWNT arrays are excellent. And the 
obtained SWNT arrays with high density and specific diameter 
meet the needs for SWNT applications in nanoelectronics.

According to the vapor–liquid–solid mechanism, the melting 
point of metal catalysts decreases sharply compared with 
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Figure 1. Schematic illustration of growing horizontally aligned SWNT 
arrays on quartz substrate by the temperature-mediated method.

Figure 2. a) SEM images of the high-density SWNTs on a quartz  
substrate. b) SEM images (left) and AFM images (right) of the high-density 
SWNTs on a quartz substrate. c) TEM images of the high-density SWNT 
arrays (Inset: HRTEM image of an individual SWNT). d) Raman spectra of 
the as-grown SWNTs with 532 nm excitation (Inset: Diameter distribution 
of the as-grown SWNT arrays).

 16163028, 2022, 52, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202209391 by Peking U
niversity, W

iley O
nline L

ibrary on [10/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.afm-journal.dewww.advancedsciencenews.com

2209391 (3 of 7) © 2022 Wiley-VCH GmbH

bulk materials due to the surface interface effect. Hence, the  
catalyst particles are in a liquid state at a high temperature. 
The carbon source molecules are decomposed to produce 
individual carbon atoms on the catalyst’s surface and then  
dissolved into the inner part of metal particles. Carbon atoms 
are precipitated to nucleate and grow SWNT when the dissolu-
tion reaches oversaturation.[15] However, due to the instability 
of the temperature in the CVD system and the fluctuation of 
carbon fragment concentration during the process of growing 
SWNTs, some catalysts may be covered by amorphous carbon, 
preventing new carbon atoms from being dissolved, which 
leads to the deactivation of catalyst and the low density of the 
obtained SWNT arrays. Therefore, how to eliminate the coated 
carbon of the poisoned catalysts is the key to improving the 
SWNT array density. According to the metal–carbon phase  
diagram, the metal has a certain carbon capacity, which could 
vary with the temperature. Thus, we design a temperature-
mediated process to adjust the catalyst’s carbon capacity 
dynamically. In this process, the coated carbon can be dissolved 
into the catalyst to regrow SWNT and realize high-density 
horizontal arrays of SWNT. However, the carbon capacity not 
only varies with temperature but also depends on the size of 
the metal catalyst.[16] For catalyst nanoparticles with too small 
a size (<1 nm), their carbon capacity is insufficient to dissolve 
the coated carbon (Figure S1, Supporting Information) fully. 
Whereas for metal catalysts with too large size (>3  nm), it is 
almost impossible to grow SWNTs.[17] Therefore, only metal  
catalysts of appropriate size can be reactivated to grow SWNTs. 
In other words, the temperature-mediated growth method 
could somewhat enrich SWNT diameter.

In situ dynamic observation is an excellent technique to get 
quantitative data on the shape of catalyst nanoparticles and 
track the catalytic process. A state-of-the-art ETEM is utilized 
to observe the reactivation process of a poisoned catalyst ≈2 nm 
at 930  °C. The catalyst deactivation experiment is detailed in 
the experimental section. Figure 3a–d shows a succession of  
pictures retrieved from the video. At the moment designated 
as 0  s, it is found that a deactivated catalyst nanoparticle is  
covered by coated carbon (Figure 3a). Its thickness is ≈0.3 nm, 
which means maybe one layer of carbon cover the surface of 
the catalyst. Form 23  s, the coated carbon begins to dissolve 
into the catalyst (at the position of the arrow in Figure 3b). At 
24 s, the coated carbon disappears (at the position of the arrow 
in Figure 3c), indicating a partial dissolution. At 25 s, the shell 
can hardly be observed, which indicates a complete dissolution 
(Figure  3d). Meanwhile, the schematics in Figure  3a–d model 
this process of catalyst reactivation. Video S1 (Supporting 
Information) also exhibits the dynamic dissolution process. To  
further investigate this process, we perform X-ray photoelec-
tron spectroscopy (XPS) to probe the composition of catalysts. 
For the Fe 2p spectrum, it can be observed that the peak area 
of the Fe-C peak (at 708.2 and 721.1 eV)[18] gets larger and larger 
by comparing the XPS images of original catalysts (Figure S2a, 
Supporting Information) and the poisoned catalysts (Figure 3e) 
as well as the reactivated catalysts (Figure 3f), which indicates 
that the carbon capacity in the catalyst has enhanced. A pro-
gressive increase of the Fe-C peak (at 284.0 eV)[16c,19] area can be 
seen in the C1s spectrum by comparing the XPS images of the 
above three catalysts (Figure S2b–d, Supporting Information), 
which is caused by a gradual increase of dissolved carbon in the 
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Figure 3. a–d) ETEM images of coated carbon on catalyst nanoparticles surface reactivated at Tre (930 °C). e,f) XPS images of deactivated catalyst 
nanoparticles (e) and reactivated catalyst nanoparticles after maintaining for a while at Tre (f). g,h) AFM images of SWNTs obtained from poisoned 
catalyst nanoparticles after direct growth (g) and temperature-mediated growth (h).
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catalyst. This is because the original catalyst contains almost no 
carbon, and the deactivated catalyst has only a surface layer in 
contact with the coated carbon. In contrast, carbon can be fully 
dissolved for the reactivated catalyst, leading to a larger peak 
area of iron-carbon compounds. Hence, both ETEM and XPS 
observations indicate that poisoned catalysts can be reactivated 
by high-temperature processes of the temperature-mediated 
method. To figure out that the reactivated catalysts can regrow 
SWNTs, we conduct the experiments on the growth by tempera-
ture-mediated method (Temperature-mediated growth involves 
placing the substrate into the Tre position and keeping it for a 
while, then moving it to the growth temperature position to 
grow SWNTs). The AFM (Figure  3g) and SEM (Figure S3a, 
Supporting Information) images show that no SWNT appears 
when using the poisoned catalysts to grow SWNTs directly. In 
contrast, several SWNTs emerge (Figure  3h; Figure S3b, Sup-
porting Information) after undergoing a temperature-mediated 
growth. Consequently, the temperature-mediated method can 
be used to reactivate the poisoned catalyst to regrow SWNT.

The temperature-mediated method is further used to 
increase the density of SWNT arrays. We construct direct 

growth, secondary growth, and temperature-mediated growth 
by the iron catalyst. SWNT arrays are obtained by direct growth 
for 2  h (Figure 4a). When they undergo secondary growth, 
the array density remains nearly the same or even decreases 
(marked by the blue arrow in Figure S4, Supporting Informa-
tion), which means all catalysts either grow SWNTs or have 
been deactivated. The disappearance of SWNTs may be caused 
by hydrogen etching in secondary growth. Afterward, the  
temperature-mediated growth is performed on this sample 
and five new SWNTs are found (marked by red arrows in 
Figure 4b), proving that the temperature-mediated method can 
increase the array density. The corresponding AFM images also 
draw the same conclusion (Figure 4c,d; Figure S5, Supporting 
Information). Meanwhile, the statistical data from 12 experi-
ments with different initial densities all support the fact that 
the temperature-mediated strategy could enhance array density 
(Figure 4e).

To obtain denser SWNT arrays, we optimize experimental 
parameters such as the selection of catalysts, Tre, and mediated 
growth cycles. We analyze the metal-carbon phase diagram 
to find the optimum metal catalyst. From the metal-carbon 
phase diagram, the metal could be divided into high-carbon 
capacity metal and low-carbon capacity metal. For metals with 
a high carbon capacity, the carbon capacity increases as the  
temperature rises (Figure S6a, Supporting Information). In 
contrast, the carbon capacity of metals with a low carbon 
capacity remains almost the same (Figure S6b, Supporting 
Information). For high carbon capacity metals such as Fe, Ni, 
and Co, more SWNTs appear after the temperature-mediated 
growth (Figure 4; Figures S7 and S8, Supporting Information). 
But for low carbon capacity metals such as Cu (Figure S9,  
Supporting Information), Au (Figure S10, Supporting Informa-
tion), and Ag (Figure S11, Supporting Information), tempera-
ture variations have minimal impact on their carbon capacity, 
resulting in the array density with nearly no change or even 
reductions. Thus, high carbon capacity metal is chosen for  
temperature-mediated growth.

The Tre selection experiment is then carried out by using 
Fe catalysts. The growth temperature is set as 830 °C and the 
Tre is chosen from four different temperatures: 830, 880, 930, 
and 980  °C. When Tre is 930  °C, the ratio of increased arrays  
density can reach ≈167% (Figure 5a), which indicates that a tem-
perature difference of 100 °C allows for the greatest increase in 
catalytic efficiency. The coated carbon may not be dissolved into 
the catalyst fully at the lower Tre, resulting in the poisoned cata-
lyst not being reactivated. At too high Tre, catalysts may tend to 
aggregate and fail to grow SWNTs. Therefore, we choose 930 °C 
as a proper Tre for catalysts reactivation. Then the influence of 
growth cycles on the array’s density is investigated. A growth 
cycle involves placing the directly grown sample in Tre for cata-
lyst reactivation and then placing it at the growth temperature 
for SWNT growth. As shown in Figure S12 (Supporting Infor-
mation), we investigate the trends in the number of SWNTs 
and discover that the tube number continues to rise in the 
second and third growth cycles while falling in the fourth and 
fifth growth cycles. Figure 5b shows the statistics of the SWNT  
numbers over different growth cycles, which indicates that three 
growth cycles might be the most suitable condition. Using the 
optimal temperature-mediated method, the density of SWNT 
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Figure 4. a,b) SEM images of SWNTs after direct growth (a) and the 
temperature-mediated growth (b) by using Fe catalyst. c,d) AFM images 
of SWNTs after direct growth (c) and the temperature-mediated growth 
(d) by using Fe catalyst. e) Statistics of the number of SWNTs by using 
Fe catalysts within a range of 10 µm × 10 µm.
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arrays can reach up to 60  SWNTs  µm−1 (Figure  2). Specially, 
high-density SWNT arrays are also successfully prepared using 
Co, Ni catalysts by temperature-mediated method (Figure S13, 
Supporting Information). Furthermore, this method could also 
improve SWNT density in the gas flow-guided growth system 
(Figure S14, Supporting Information).

The ability of the temperature-mediated method to enrich 
the diameter of SWNTs is further proven. As shown in 
Figure  5c, for SWNTs obtained by direct growth method, the 
RBM peaks are randomly distributed in an extensive range 
(100–250 cm−1), which means that the diameters of SWNTs are 
uncontrollable. Diameters measured from the AFM image in 
Figure 4c also proved the wide distribution of array diameters 
(Figure 5d). But for newly added SWNTs by temperature-medi-
ated growth, the RBM peaks are enriched towards lower Raman 
shift regions (Figure  5e) and the diameter is concentrated 
≈2.25  nm (Figure  5f) by analyzing AFM data in Figure  4d. 
Besides, Raman spectra of SWNTs with 633 and 785 excitations 
can reach the same conclusion (Figure S15, Supporting Infor-
mation). Hence, the temperature-mediated method can enrich 

the diameter of SWNT arrays, resulting in a horizontal array 
with a narrow diameter distribution at 2.13  nm as shown in 
Figure 2, which is more suitable for making high-performance 
FETs.

Back-gate FET devices are fabricated on the SiO2/Si substrate 
with transferred arrays to evaluate the electrical performance 
of the obtained high-density SWNT arrays. Figure 6a,b shows 
the scheme and optical image of the FET device with a channel 
width of ≈10  µm and a channel length of ≈2  µm. SWNTs 
beyond the red box (Figure  6b) are removed by O2 plasma 
etching for accurate testing. The arrangement of the SWNTs 
between electrodes is well arranged as shown in Figure  6c. 
Figure  6d,e presents the electrical characterization of the  
fabricated FET devices, in which the largest on-state current 
could reach 317 µA µm−1 at Vds = 1 V. It is benchmarked with 
previously published work to justify the high performance of 
our FET device as shown in Figure S16 (Supporting Informa-
tion). Due to the difference in SWNT array density and nano-
tube numbers in the channel for different works, we calculate 
the on-current that a single carbon nanotube could carry in 
these works (Figure  6f), and it can be found that the perfor-
mance of our SWNT is excellent. This outstanding perfor-
mance is due to the obtained SWNT with high quality and 
appropriate diameter, showing the potential in the application 
of nano electronic devices.

3. Conclusion

In conclusion, a simple and novel method to grow diameter-
selective high-density SWNT arrays has been devised. The 
temperature-mediated method successfully reactivates the poi-
soned catalysts of a particular size to regrow SWNTs. The den-
sity of the obtained SWNT arrays can reach 60  SWNTs  µm−1, 
favoring enrichment of nanotubes with a diameter of ≈2  nm. 
The largest on-state current of fabricated FETs is 317 µA µm−1, 
proving the superiority of obtained SWNT arrays. This work is 
of significant importance for producing SWNT arrays and pro-
moting the application of SWNT-based nanoelectronic devices.

4. Experimental Section
Growth Substrate Preparation: In particular, ST-cut quartz substrates 

(miscut angle < 0.5°) were purchased from Hefei Kejing Materials 
Technology Co., China. Samples were obtained by cutting the substrates 
into smaller pieces (5 mm × 6  mm). These samples were cleaned by 
ultrasonication in water, acetone, ethanol, and water for 10  min. After 
cleaning, the substrates must undergo a necessary annealing process 
(at 900 °C in air for 8 h) for better crystallization.

Catalyst Deactivation Experiment: Fe(OH)3/ethanol solution 
(0.05  mm), used as a catalyst, was loaded onto the quartz substrates. 
The CVD growth process was performed in a furnace with a 1-inch tube. 
The substrates were put into the tube and heated in air to the desired 
temperature (830 °C). After the system was purged with 300 sccm argon, 
a flow of hydrogen (100 sccm) was introduced for 10 min to reduce the 
catalysts. Then additional argon (500 sccm, through an ethanol bubbler) 
was introduced. The instantaneous influx of a large carbon source might 
completely deactivate the catalyst by covering it with amorphous carbon.

Statistic Experiment of Increasing the Density of SWNT Arrays: Direct 
growth experiments on 12 pieces of the quartz substrate were performed. 

Adv. Funct. Mater. 2022, 32, 2209391

Figure 5. a) The ratio of density enhancement of SWNTs with different 
Tre. b) Statistics of the increased number of SWNTs after different 
temperature-mediated growth cycles within a range of 10 µm ×  10 µm.  
c,d) Raman spectra (c) and diameter distribution (d) of the SWNT arrays 
obtained by direct growth with 532  nm excitation. e,f) Raman spectra 
(e) and diameter distribution (f) of the new SWNT arrays obtained by 
temperature-mediated growth.
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Then they were characterized and localized by SEM. Temperature-
mediated experiments were then performed, and SEM characterization 
was conducted in the above-localized area. The number of changes in 
the density of SWNT arrays in the same range (10  µm  ×  10 µm) was 
calculated before and after the temperature-mediated growth on each 
quartz. Twelve sets of data with different initial densities were plotted as 
a statistical graph.

Tre Selection Experiment: Direct growth was first performed at 830 °C 
on quartz substrates, characterized, and localized by SEM. And then 
temperature-mediated growth was performed, and the above-localized 
areas were characterized by SEM again. The Tre of temperature-mediated 
growth was chosen from four different temperatures: 830, 880, 930, 
and 980 °C. The number of obtained SWNTs was counted respectively. 
Multiple direct growth and temperature-mediated growth experiments 
were performed to obtain the statistical result. The ratio of increase in 
density of SWNT arrays after temperature-mediated growth to direct 
growth was plotted.

Synthesis of High-Density SWNT Arrays with Diameter Selectivity: 
The temperature-mediated growth method involved the growth of 
SWNTs by periodically moving the ST-cut quartz from the growth 
temperature location to a higher temperature location while the other 
parameters were identical to those in normal CVD. In the experiment, a  
5 mm  ×  6  mm quartz (Hefei Kejing Materials Technology Company, 
China) was used as a substrate for the growth of SWNT arrays. And 
catalyst was one of Fe, Co, and Ni. The catalyst (0.05 mmol L−1 solutions 
of catalyst salts in alcohol) was loaded onto the quartz surface. The 
growth of SWNT was carried out in a furnace with a 1-inch tube. The 
furnace was heated to 930 °C and the substrate was placed at the location 
with a temperature of 830  °C. First, 300 sccm argon and 300 sccm  
H2 were introduced for 10  min to reduce the catalysts. Secondly,  
30 sccm Ar was bubbled through ethanol (99.5%, Aladdin) for 5  min 
to grow the SWNT arrays. Subsequently, in an Ar atmosphere, a quartz 
tube was pushed to drive the substrate to place where the temperature 
is 930  °C. After 60 s, quartz tube was pushed to drive the substrate 
return to the location, that is, 830 °C. And then H2 and 30 sccm Ar were 

bubbled through ethanol (99.5%, Aladdin) was introduced to grow for 
5  min, and then turned off carbon source and H2. The temperature-
mediated cycle was performed three times. Finally, the temperature 
would drop in an Ar atmosphere.

Characterization of the Obtained SWNT Arrays: The as-grown SWNTs 
were inspected with SEM (Nova 200 NanoSEM, America, operated at 
1.0  kV), tapping-mode AFM (Nano-Scope IIIa, Veeco Co., USA), TEM 
(The JEOL JEM2100F microscope at 200 kV), and a Raman spectrometer 
(Renishaw in via, England).

Fabrication of the Devices Based on SWNT Arrays: SWNT arrays were 
transferred onto a silicon wafer with a 300 nm SiO2 layer before the 
fabrication of devices following a published procedure. The devices were 
patterned by a standard e-beam lithography (EBL) process. Cr (4 nm)/
Au (60 nm) were deposited by e-beam evaporation, followed by a lift-off 
process to form contact electrodes. Another EBL process and O2 plasma 
etching were used to remove the SWNTs outside the device channel 
region. A Si back-gate was used for measuring the performances of 
FETs. A Keithley 4200-SCS semiconductor characterization system was 
used for measuring the electrical characteristics.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 6. a) Schematic layout of a FET device with a channel length of ≈2 µm and a width of ≈10 µm. Cr (5 nm)/Au (40 nm) are used as contact metals. 
b) the photo image of the device. c) Corresponding SEM image of SWNT arrays in the red rectangle of (b). d,e) Transfer characteristics (d) and output 
characteristics (e) of the FET device. f) The on-state current carried by a single SWNT of FET devices is plotted versus the year for the work.[4,8,10,13,20]
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