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A B S T R A C T

Horizontally aligned carbon nanotube (HACNT) arrays hold significant potential for various applications in 
nanoelectronics and material science. However, their high-throughput characterization remains challenging due 
to the lack of methods with both high efficiency and high accuracy. Here, we present a novel technique, Cali
brated Absolute Optical Contrast (CAOC), achieved through the implementation of differential principles to filter 
out stray signals and high-resolution calibration to endow optical contrast with physical significance. CAOC 
offers major advantages over previous characterization techniques, providing consistent and reliable measure
ments of HACNT array density with high throughput and non-destructive assessment. To validate its utility, we 
demonstrate wafer-scale uniformity assessment by rapid density mapping. This technique not only facilitates the 
practical evaluation of HACNT arrays but also provides insights into balancing high throughput and high res
olution in nanomaterial characterization.

Introduction

Horizontally aligned carbon nanotube (HACNT) arrays have 
garnered significant interest due to their unique physical and chemical 
properties, which are highly beneficial for applications in nano
electronics, sensors, and composite materials [1–5]. Over the past few 
decades, the focus has shifted from laboratory research to practical ap
plications, revealing challenges in achieving uniformity and stability at 
the wafer scale using traditional fabrication methods [6]. To overcome 
these bottlenecks, it is crucial to develop characterization techniques 
that provide efficient and accurate feedback for experimental optimi
zation. Traditional methods such as scanning electron microscopy 
(SEM), atomic force microscopy (AFM), and transmission electron mi
croscopy (TEM) are precise but time-consuming and limited in 
throughput [7–9]. Therefore, there is a pressing need for a 
high-throughput, non-destructive technique to accurately characterize 
HACNT arrays.

Optical characterization offers high throughput and has been widely 

used in fields such as defect detection in electronics [10], biomedical 
imaging [11], and material science [12,13]. However, the nanoscale 
properties of carbon nanotubes (CNTs) result in an extremely limited 
scattering cross-section in optical characterization [14,15], with 
contrast levels around 10− 4. Fortunately, the one-dimensional structure 
of CNTs results in a strong depolarization effect, allowing their optical 
contrast to be enhanced by two orders of magnitude under appropriate 
polarized optical settings [15,16]. Based on this principle, optical im
aging and spectroscopy techniques of individual CNT were developed, 
which enabled complete chirality profiling with high-throughput [14, 
17]. Furthermore, optical imaging coupled with in-situ growth were 
employed to study the dynamic process of individual CNT growth, 
significantly advancing our understanding of CNTs [16,18,19]. 
Although significant progress has been made, characterization of 
HACNT arrays still faces substantial challenges. Individual CNTs exhibit 
a lateral broadening of several micrometers in polarized optical char
acterization, making it impossible to resolve HACNT arrays with a 
density greater than 1 tube/μm. In our previous work, we demonstrated 
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the use of polarized optical characterization for HACNT arrays [20]. 
Despite its high throughput, the measurement accuracy was inadequate 
for practical applications. One major reason is the relative nature of 
contrast measurements, especially when transparent substrates like 
sapphire or quartz are used, where stray light from the substrate in
terferes with the CNT contrast. Additionally, we used the absorption 
cross-section of carbon atoms and the average diameter of CNTs to 
derive the density from optical contrast without considering the 
complexity of the actual optical path, which led to deviations from the 
real density. Therefore, to improve the accuracy of characterization 
based on the advantages of the high throughput of optical methods, we 
need to establish a more accurate correlation between density and op
tical contrast.

In this study, we introduce the Calibrated Absolute Optical Contrast 
(CAOC) method, a novel approach designed to address these challenges. 
First, we incorporated the angle between the HACNT arrays and the 
polarizer as a degree of freedom and obtained the optical contrast of 
CNTs. Using the differential principle, we extracted the cross terms 

between the CNTs and the substrate, naturally filtering out stray signals 
other than those from the CNTs. Due to its measurement consistency, we 
refer to this as absolute optical contrast (AOC). Furthermore, we cali
brated the AOC using characterization techniques that can achieve 
single-tube resolution, establishing an absolute calibration function 
between density and AOC. This method significantly improves the 
characterization efficiency of HACNT arrays by approximately 103 

times, enabling high-throughput, wafer-scale sample analysis while 
maintaining the density measurement accuracy of high-resolution 
techniques.

Results and discussion

Fig. 1a shows the experimental setup for characterizing HACNT ar
rays using polarized optical microscopy. The light source passes through 
the first polarizer (P1) and illuminates the sample surface. Theoretically, 
the CNT-scattered electric field (ENT) is polarized along the CNT direc
tion due to a strong depolarization effect on light polarized 

Fig. 1. (a) Experimental setup for characterizing HACNT arrays using polarized optical microscopy. (b) Optical microscope image of HACNT arrays under non- 
polarized conditions. (c) Optical microscope image of HACNT arrays under optimally polarized conditions, showing enhanced CNT contrast. (d) Principle of ab
solute contrast measurement. (e) Dark-to-bright transition of a CNT bundle as the orientation angle θ changes. (f) Intensity-angle spectrum of HACNT arrays. (g) 
Absolute contrast results calculated using Eq. 3 based on the fitted data from (f).
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perpendicularly to the CNT, while the substrate reflection (ER) retains 
the polarization of P1. Therefore, by setting P2 perpendicular to P1, 
substrate reflection is significantly reduced while preferentially retain
ing the CNT reflection, thus enhancing the contrast of the CNTs (ΔI/IR). 
As shown in Eq. 1[17], since |ENT|2 is extremely small, the contrast 
contribution mainly arises from the cross term. Hence, P1 and P2 need to 
be set at a small angle δ deviating from 90◦ to amplify the signal of the 
cross term. Experimentally, it was found that when δ is approximately ±
6◦, the CNT contrast is maximized. 

ΔI
IR

=
|ER + ENT |

2
− |ER|

2

|ER|
2 =

2|ER|⋅|ENT |

|ER|
2 (1) 

During the preparation of HACNT arrays, a-plane sapphire or ST-cut 
quartz substrates are typically employed for directional growth. 
Consequently, the impact of these transparent substrates, which exhibit 
polarization responses, must be considered during characterization. 
Reflections from the upper surface of the substrate maintain the polar
ization direction, whereas reflections from the lower surface undergo a 
polarization shift after traversing the substrate, thus escaping the cross- 
polarization setup and introducing substantial background signals [16]. 
To mitigate this issue, index-matching oil was utilized to eliminate 
interface reflections, and a wedge structure was employed to deflect the 
light, ensuring the CNT contrast remains at the order of 10− 2. This 
approach facilitates non-transfer characterization, which is essential for 
non-destructive sample testing. Fig. 1b and c present optical microscope 
images of the same region under non-polarized and optimally polarized 
conditions, respectively, demonstrating a marked enhancement in CNT 
contrast with this optical configuration.

The polarized optical setup enables the visualization of HACNT ar
rays using an optical microscope, however, accurate measurement of 
optical contrast is essential for quantitative characterization. Tradi
tionally, contrast measurement relied on Eq. 2, which requires sepa
rately measuring both the total optical intensity (IT) and the substrate 
optical intensity (IR) to calculate the optical contrast (ΔI/IR). This 
method is suitable for single CNT or low-density arrays, but for high- 
density arrays, where CNTs fully cover the optical field of view, it ne
cessitates the destructive process of scraping off nanotubes to create a 
substrate region (Figure S1). Additionally, the complexity of transparent 
substrates often results in measurement errors, preventing accurate and 
consistent assessment of HACNT array optical contrast. 

ΔI
IR

=
IT − IR

IR
(2) 

To address these issues, we introduced the CNT orientation angle θ as 
a degree of freedom. By rotating the sample stage, an intensity-angle 
spectrum was obtained. Theoretically, the substrate signal exhibits a 
periodicity of π/2, while the cross-term signal between the substrate and 
CNTs displays a periodicity of π, changing sign every 90◦. Fig. 1d il
lustrates this principle. The intensity-angle spectrum of pristine sapphire 
shows highly consistent π/2 periodic peaks, whereas samples containing 
HACNT arrays exhibit differences in peak heights, indicating the 
contribution of the cross-term, which is the primary source of CNT 
contrast (see Figure S2 and Supplementary Note 1). Fig. 1e visually 
demonstrates this process, showing the dark-to-bright transition of a 
CNT bundle as θ changes. By processing the brightest and darkest points 
of the CNTs, other signals outside the CNTs can be naturally eliminated, 
yielding the absolute contrast of CNTs. Fig. 1f shows the actual mea
surement results of the HACNT array contrast spectrum, with peaks 
consistent with the theoretical predictions. Fig. 1g presents the contrast 
result calculated using Eq. 3 based on the fitted data from Fig. 1f. This 
method allows for the measurement of HACNT array contrast without 
separately measuring the background, significantly reducing measure
ment errors (Figure S3). 

ΔI
IR

=
IT(θ) − IT(θ + π/2)
IT(θ) + IT(θ + π/2)

(3) 

AOC provides the theoretical basis for quantitatively characterizing 
HACNT arrays. In previous work, the absorption cross-section per car
bon atom and the average diameter of the CNTs were used to correlate 
optical contrast with density [20]. However, this method is based on 
certain idealized assumptions, and the relationship between optical 
contrast and density necessitates further investigation. To address this, 
AOC was calibrated using high-resolution characterization techniques. 
Fig. 2 illustrates the calibration workflow, which primarily consists of 
two steps. First, we performed optical imaging at different angles, 
extracted the average brightness information from the images, and used 
Eq. 3 to obtain the AOC. Fig. 2a shows optical images of HACNT arrays 
at two intensity peak positions, where the bright-to-dark transition is 
visible within the dashed boxes.

Subsequently, the same regions of the samples were characterized 
using AFM or SEM to count the number of CNTs. To ensure the feasibility 
of the calibration, the scales of the optical and high-resolution charac
terizations were unified. For instance, in AFM characterization, a scale 
of 2 µm was selected, and 25 consecutive images were taken to corre
spond to the information extracted from a 50 µm optical image. To 
enhance the efficiency and accuracy of CNT counting, a computer vision 
(CV) program was developed to identify and count the CNTs. Fig. 2b 
visualizes the identification process, and Fig. 2c presents the AFM results 
for a 50 µm region, with the horizontal axis representing the coordinates 
of the CNTs and the vertical axis representing the CNT count. The overall 
consistency of the slope indicates the uniformity of the sample. This 
figure can be infinitely magnified, as shown in the insets. Notably, using 
this method, the coordinates of each CNT can be recorded, similar to the 
infinite zoom of satellite imagery. This method also evaluates the uni
formity of CNT pitch. Figure S4 shows the pitch distribution of the CNTs 
obtained using “satellite imagery”, which follows a log-normal distri
bution with a mean value and standard deviation of 20.52 nm and 
12.22 nm, respectively. This precise characterization and analysis 
method may potentially facilitate the application of CNTs in carbon- 
based electronics.

By integrating AOC with "satellite imagery", the function between 
the exact density and optical contrast of HACNT arrays can be deter
mined. As shown in Fig. 3a, the data points are derived from four 
different samples, with Sample 1 being a pristine sapphire. A strong 
linear relationship (R2 = 0.98) is observed, consistent with previous 
reports [20]. In contrast, using the method based on Eq. 2 to calculate 
optical contrast, the calibration (Figure S5) shows that while the density 
and contrast of each sample are individually linearly correlated, there is 
no unified calibration relationship. This further underscores the con
sistency and reliability advantage of AOC.

The accuracy of the measurements was subsequently evaluated. Er
rors primarily stem from two sources: the accuracy of CNT identification 
by CV programs and the accuracy of the calibration curve. Fig. 3b as
sesses the accuracy of CNT identification using 70 AFM images, with 
CNT quantity counted by both human scientists and CV programs 
(referred to as AI). The data points mostly fall on the y = x line, indi
cating the reliability of AI in density counting. Fifty points were selected 
to evaluate the accuracy of CAOC in density characterization. The hor
izontal axis represents the density results measured by AFM, while the 
vertical axis represents the density results measured by CAOC. As shown 
in Fig. 3c and S6, CAOC demonstrates overall good accuracy in density 
measurement, with larger errors in the low-density region (up to 
approximately 20 %) and minimal errors in the high-density region. 
Given that the CNT signals are relatively weak even under polarized 
settings, the accuracy of this method is significantly influenced by 
density. In essence, higher CNT density produces a stronger optical 
signal, which in turn increase the signal-to-noise ratio and enhances 
measurement accuracy. However, as the density decreases, the optical 
contrast signal gradually approaches the noise level, making it difficult 
to distinguish the CNT signal from noise, leading to a decline in 
accuracy.

A single AOC measurement requires taking 36 images, each with an 
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integration time of 1 second. Considering the operator’s handling time, 
one AOC point takes about 2 minutes. To further improve efficiency and 
support wafer-scale sample uniformity characterization, AOC was cali
brated with optical intensity. For the same sample, during the same test 
(with consistent optical settings), IR is a constant value, so theoretically, 
optical intensity is proportional to AOC (Eq. 4 and SI). The measurement 
efficiency of optical intensity is 36 times that of AOC. Therefore, by 
selecting 5 points on a sample for calibration (approximately 5 minutes), 
the efficiency of subsequent density measurements can be significantly 
improved. Based on this, a standardized density characterization process 
was developed, as illustrated in Fig. 4a: 

IT∝
ΔI
IR

(4) 

1. High-throughput collection of optical intensity: Images of the 
HACNT array wafer were obtained using polarized optical micro
scopy with maximized CNT contrast. The average optical intensity 
was extracted from the central circular area (100 μm in diameter) of 
each image.

2. Calibration of the correlation between AOC and optical intensity: 
Five optical images were randomly selected, and the AOC in these 
regions was measured. The functional relationship between optical 

Fig. 2. (a) Optical images of HACNT arrays at two intensity peak positions, showing the bright-to-dark transition within the dashed boxes. (b) Visualization of the 
CNT identification process using a computer vision (CV) program. (c) AFM results for a 50 µm region, with the horizontal axis representing the coordinates of the 
CNTs and the vertical axis representing the CNT count. Insets demonstrate the zoom-in of two areas.

Fig. 3. (a) The relationship between AOC and the real density of HACNT arrays. Sample 1 is a pristine sapphire. (b) Assessment of CNT identification accuracy, with 
CNT quantities counted by both human scientists and CV programs (referred to as AI). (c) Evaluation of CAOC accuracy in density characterization, with the 
horizontal axis representing density results measured by AFM, and the vertical axis representing density results measured by CAOC.
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intensity and AOC of HACNT arrays was obtained through linear 
fitting.

3. Density calculation and analysis: Using the absolute calibration 
function and the calibration function between AOC and optical in
tensity, all the optical intensities obtained in the first step were 
translated into HACNT array densities. This allowed us to statisti
cally analyze the density uniformity of the HACNT-array wafer.

Fig. 4b illustrates the relationship between optical intensity, AOC, 
and actual density. Although the two calibration steps—from optical 
intensity to AOC and then to real density—can amplify experimental 
errors, this method significantly enhances efficiency, enabling practical 
assessment of wafer-scale density uniformity. Direct calibration between 
optical intensity and real density could further improve accuracy, but 
the calibration with high-resolution techniques required several hours.

Using this method, we characterized a 1 cm × 1 cm sample, uni
formly selecting 144 (12×12) points across the sample and randomly 
choosing five points to measure AOC. The calibration curve is shown in 
Fig. 4c. Fig. 4d displays the density distribution of the entire sample, 
with an average density of approximately 40.40 tubes/μm and a stan
dard deviation of about 7.95 tubes/μm. Fig. 4e is a mapping of the 
sample, illustrating that this method allows for rapid density partition
ing, enabling the categorization of HACNT arrays for different applica
tions. The entire characterization process took about 30 minutes, 
covering 1.44 % of the sample area. In contrast, AFM characterization in 
the same time would cover only about 10− 5 of the area, lacking statis
tical significance. In terms of characterization efficiency, CAOC im
proves throughput by approximately three orders of magnitude 
compared to AFM.

Conclusion

In summary, we developed a CAOC method for high-throughput and 
accurate characterization of HACNT arrays. We proposed a novel 
approach for calculating the optical contrast of CNTs by utilizing the 
differential principle to naturally filter out stray signals, thereby 
obtaining experimentally consistent AOC. By integrating AOC with high- 
resolution techniques, we established a calibration function between 
AOC and real density, demonstrating a strong linear relationship 
consistent with theoretical predictions. The CAOC method enables 
practical assessment of wafer-scale density uniformity. Our standardized 
density characterization process allows for rapid and reliable density 
mapping of large-scale HACNT arrays. The ability to perform high- 
accuracy, non-destructive, and high-throughput density characteriza
tion represents a substantial advancement in the field of CNT, poten
tially accelerating the development of HACNT arrays and their 
applications. Moreover, the principle of using polarized optics and dif
ferential measurement to filter out stray signals is universal, and theo
retically, it can be applied to various one-dimensional nanomaterials on 
different substrates, with only the calibration function needing fine- 
tuned.

However, the CAOC method has some limitations. For instance, it 
tends to have larger errors with low-density HACNT arrays, where op
tical contrast variations are minimal. This issue can be mitigated by 
using higher precision cameras. Additionally, AOC is not only related to 
density but also to the average diameter of CNTs[20]. Different growth 
methods may result in varying diameter distributions, necessitating 
extra calibration of the AOC-density function. Future work will focus on 
refining the technique to extend its applicability across a broader range 

Fig. 4. (a) Schematic of the standardized density characterization process for HACNT arrays using optical imaging. (b) Relationship between optical intensity, AOC, 
and real density of HACNT arrays. (c) Calibration curve of the relationship between optical intensity and AOC. (d) Density distribution of a 1 cm × 1 cm HACNT array 
sample. (e) Density mapping of the 1 cm × 1 cm HACNT array sample.
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of CNT characterization. Overall, CAOC provides a powerful tool for the 
rapid and accurate characterization of HACNT arrays, and it also shows 
potential for application in other one-dimensional materials. The prin
ciples of differential measurement and calibration can solve the chal
lenge of balancing high throughput with high accuracy, which is 
insightful for the development of nanomaterial characterization tech
niques, facilitating further research and development in 
nanotechnology.

Experimental section

Synthesis of HACNT arrays

HACNT arrays were grown on a-plane sapphire substrates. The 
catalyst was prepared by ion implantation, followed by carbon nanotube 
growth using a home-made vertical spraying chemical vapor deposition 
(VSCVD) system. The VSCVD system consists of a spray unit, a gas flow 
control system, and a dual-temperature heating chamber, which ensures 
uniform gas distribution and consistent sample exposure during the 
growth process. The typical operating temperature is 800–900 ◦C. 
Growth began with a flow of 300 standard cubic centimeters per minute 
(sccm) argon and 300 sccm hydrogen for 1–5 minutes to reduce Fe ions 
and form Fe nanoparticles in-situ. Subsequently, 10–20 sccm argon was 
introduced through an ethanol bubbler as the carbon feedstock. 
Throughout the process, argon flow was maintained at 300 sccm, and 
hydrogen flow varied from 300 to 500 sccm. The pressure remained at 
70 Kpa, and the spraying distance was set at 10 mm.

General characterization

SEM images were obtained using a Hitachi S4800 SEM operated at 
1.0 kV and 10 kV. Raman spectra of HACNT arrays with line mapping, 
conducted with a scan step of 5 µm and a laser beam spot of ~1 µm, were 
collected using a Jovin Yvon-Horiba LabRam system with 532 nm 
excitation. AFM images were obtained using a Dimension Icon micro
scope (Bruker).

Optical characterization

As shown in Fig. 1a, an optical microscope (Nikon Eclipse LV100N 
POL) equipped with a 10× objective (N.A. = 0.3, air), 40× objective (N. 
A. = 0.6, air), 100× objective (N.A. = 0.9, air), and a 50× objective (N. 
A. = 0.5, 22 mm long working distance), two polarizers (Nikon LV-PO), 
and a color camera (Nikon DS-Ri2) were used to capture the polarized 
optical images. One polarizer (P1) was located in the incident beam, and 
the second polarizer (P2) was placed in the reflective beam, allowing 
free rotation to change the analyzing direction with a rotation precision 
of 0.1◦. A halogen lamp was used as the light source (Nikon LV- 
LH50PC). The aperture iris diaphragm and the field iris diaphragm 
enabled convenient control of the incident beam, with the field iris 
diaphragm used to eliminate excess light. For birefringent substrates, 
refractive index matching was performed to suppress the depolarized 
light from the back surface. The typical image exposure time was 1.0 s, 
with an analog gain of 14.0x.

Optical image processing

All characterized images were processed using custom-developed 
Python or MATLAB programs. CNT identification was primarily based 
on image enhancement and peak-finding algorithms. Optical image 
processing involved averaging the RGB intensity within masked regions. 
The specific code will be released on GitHub after peer review.
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