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ABSTRACT: The microscopic structure of a macroscopic material assembled from a nanoscale determines its performance in
practical functional applications. The rapid, eﬀective, and in situ characterization of the microscopic structure, particularly the spatial
orientation of nanomaterials in the assembly, is of urgent need but remains challenging. Herein, we report a Raman spectroscopic
technique to characterize the oblique angle of vertical graphene (VG) arrays that are promising for thermal management
applications. Raman spectroscopy is a powerful tool not only for the characterization of the composition and lattice structure of
materials but also for the determination of structural orientation owing to the polarization-dependent Raman intensities. Using
helicity-resolved Raman spectroscopy (HRRS), we show that the oblique angle of VG can be characterized quantitatively with an
error of less than 5°. The technique is advantageous over the conventional linearly polarized Raman spectroscopy in simplicity and
reliability, but if in combination, can be a versatile approach to characterize the spatial orientation of materials in more complex
systems.

■

INTRODUCTION
Assemblies of nanomaterials have been explored extensively for
various engineering applications.1−5 For example, polymer
nanocomposites reinforced by graphene or carbon nanotubes
possess low mass density and exceptional mechanical properties and have been used as high-performance mechanical
ﬁbers.6,7 Besides, vertical graphene (VG) arrays are a
promising candidate for the next-generation thermal interface
materials due to the high in-plane thermal conductivity of
graphene.8 The performance of these materials in practical
functional applications is determined by the microscopic
structures of the assemblies. If the ﬁllers are aligned in the
direction of strain for polymer nanocomposites, the reinforcement of mechanical performance, such as Young’s modulus,
can reach a maximum.9 For carbon nanotube ﬁbers, the elastic
modulus is expected to be the highest if all nanotubes align
parallel to the ﬁber.10 VG arrays with ﬂakes in consistent
orientations have shown higher thermal conductivity than that
with random orientations.11 Numerous approaches have been
used to design and control the microscopic structure of
assemblies of nanomaterials or nanocomposites.12−15 On the
other hand, the characterization of the microscopic structures
© 2021 American Chemical Society

is of the same importance for understanding the relationship
between the structure and performance. Several techniques
have been used to characterize the microscopic structure
including X-ray diﬀraction (XRD), transmission electron
microscopy (TEM), and scanning electron microscopy
(SEM).15−18 However, it still remains a great challenge to
develop in situ and rapid characterization techniques, from
which the microscopic structures of materials in applied
devices can be directly related to the performances.
Because of its fast, nondestructive, and time-eﬃcient
characterization, Raman spectroscopy stands as one of the
most popular techniques in recent years. Not only can the
composition, defects, and doping information be obtained
from the Raman spectra,19−21 but also can the Raman tensors
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Figure 1. Helicity-resolved Raman scattering of VG arrays. (a) Schematic diagram of the experimental setup of helicity-resolved Raman
spectroscopy. (b, c) The cross-sectional SEM image (b) of a VG array and corresponding helicity-resolved Raman spectra (c). (d, e) The crosssectional SEM image (d) of a randomly oriented graphene array and corresponding helicity-resolved Raman spectra (e). The insets in (c) and (e)
are the enlarged view of the G mode. The Raman spectra were normalized by the intensities of the 2D band. The wavelength of the excitation laser
is 531.8 nm.

angle from 0 to 60°, and the results are also compared with the
randomly oriented graphene array. Finally, we apply this model
to measure the oblique angle of an unknown sample with an
error of less than 5°. In principle, if combined with ARPRS,
our technique can be used to measure the three-dimensional
spatial orientation in more complex systems.

be measured from polarization-dependent Raman intensities.22−26 In addition, the crystallographic orientation can
be determined through polarized Raman scattering.27−30 A
series of studies have been reported on the determination of inplane lattice orientation of two-dimensional (2D) materials,
such as black phosphorus, and ReS2 through angular-resolved
Raman spectroscopy (ARPRS).31−34 However, there has been
no eﬀective Raman spectroscopic approach to characterize the
three-dimensional orientation distribution of nanomaterials in
an assembly due to which the calculation of polarizationdependent intensities is complicated for linearly polarized
Raman scattering in the backscattering conﬁguration.
When excited by circularly polarized light, the Raman
scattered light may also be circularly polarized. The helicity of
the scattered light may be the same as or opposite to that of
the incident light, which depends on the symmetry and spatial
orientation of materials.35,36 Helicity-resolved Raman spectroscopy (HRRS) refers to the selective detection of the
helicity of Raman scattered light for circular polarization
excitation. HRRS of 2D materials like graphene or transition
metal dichalcogenides (TMDCs) have been studied systematically; for example, HRRS proves to be a powerful tool to
resolve overlapping phonon modes and characterize excitonic
nature as well as electron−phonon coupling for TMDCs.36−40
In this work, we develop an HRRS-based approach to
quantitatively characterize the out-of-plane orientation (oblique angle) of VG arrays. First, we propose a theoretical model
for HRRS intensity as a function of orientation angle for a
graphene sheet, which indicates that the oblique angle of VG
arrays can be measured through the intensity of the G mode
with the same or opposite helicities. Our model is then
conﬁrmed by HRRS measurements of a VG array tilted by an

■

EXPERIMENTAL SECTION
Preparation of VG Arrays. The VG arrays used in this
work were grown by an alcohol-based electric-assisted plasmaenhanced chemical vapor deposition (AEF-PECVD) method
onto Si/SiO2 substrate according to ref 15. The experimental
setup consists of an in-built electric ﬁeld and conventional
inductively coupled PECVD with a frequency of 13.56 MHz.
VG arrays of diﬀerent oblique angles were grown by placing
substrates on quartz plates with certain angles. Randomly
oriented graphene arrays were grown by the same PECVD
system without an electric ﬁeld.
Raman Measurement. Micro-Raman spectra were
recorded using a JY Horiba HR800 Raman spectrometer in
the backscattering geometry. The wavelengths of lasers used in
this work are 531.8 nm (2.33 eV) and 632.8 nm (1.96 eV).
The laser is focused on the sample by a 50× objective lens
(NA = 0.5). The laser power is kept below 0.5 mW to avoid
damage to samples.

■

RESULTS AND DISCUSSION
The experimental setup of helicity-resolved Raman spectroscopy is shown in Figure 1a. Left- or right-handed circularly
polarized light is produced by a linear polarizer and the
quarter-wave plate for incidence (helicity: σi). The Raman
scattered light (helicity: σs) passes through the same quarter8354
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Figure 2. Schematic conﬁgurations for a graphene sheet with diﬀerent orientations. (a) The presentation of Euler angles (θ,φ,ε) to express the
three-dimensional orientation of a graphene sheet. θ is the nutation angle (out-of-plane orientation angle), φ is the precession angle (in-plane
orientation angle), and ε is the rotation angle. (b, c) Schematic diagrams of the helicity selection rules for a horizontal (b) and vertical (c) graphene
sheet.

Figure 3. Quantitative characterization of a VG array with diﬀerent tilting angles. (a) Schematic diagram of the VG array with a tilting angle α. (b)
Helicity-resolved Raman spectra of the VG array with tilting angles from 0 to 60°. (c) Correlation of the polarization ratio ρ for the G mode with a
tilting angle α. The Raman spectra were normalized by the intensities of the 2D band. The wavelength of the excitation laser is 531.8 nm.

wave plate and the analyzer polarizer before entering the
detector. Circular polarization of the same or opposite helicity
to that of the incident light is selected by setting the direction
of the analyzer perpendicular or parallel to that of the incident
polarizer. For convenience, we use (σs σi) = (σ+ σ+) or (σ−
σ−) for helicity-conserved Raman scattering and (σs σi) = (σ+
σ−) or (σ− σ+) for helicity-changed Raman scattering,
respectively.
Vertical graphene (VG) arrays were grown via an alcoholbased electric-assisted plasma-enhanced chemical vapor
deposition (AEF-PECVD) method onto the Si/SiO2 substrate.15 Figure 1b,d shows the cross-sectional SEM images of a
VG array and a randomly oriented graphene array, respectively.
The graphene ﬂakes of the VG array are almost vertical to the
substrate as in Figure 1b, while the orientations of graphene
sheets are disorganized as shown in Figure 1d. The
corresponding helicity-resolved Raman spectra of the two
graphene arrays excited by a 531.8 nm laser are shown in
Figure 1c,e. The intensity of the G mode at 1584 cm−1 under
(σ+ σ−) conﬁguration is signiﬁcantly higher than that under
(σ+ σ+) for the randomly oriented graphene array (Figure 1e).

However, the intensities are almost identical for the VG array
(Figure 1c). It should be noted that the intensity of the 2D
mode at 2696 cm−1 under (σ+ σ+) conﬁguration is almost the
same as that under (σ+ σ−) conﬁguration for both the VG
array and the randomly oriented array (see the Supporting
Information, S1). This is further proved by the same intensities
of the 2D mode under (σ+ σ+) and (σ+ σ−) conﬁgurations for
graphene with other orientations (see the Supporting
Information, S2). All of the Raman spectra were normalized
by the intensities of the 2D band. Furthermore, when the
wavelength of the excitation laser is changed to 632.8 nm, the
intensity of the G mode under (σ+ σ−) is also much higher
than that under (σ+ σ+) for the randomly oriented graphene
array, while the intensities are almost identical for the VG
array. Similarly, the intensities of the 2D mode are almost the
same for the two graphene arrays (see the Supporting
Information, S3). However, it is completely diﬀerent when
the laser is linearly polarized. For graphene arrays with
diﬀerent orientations, the intensities under the parallel
polarization conﬁguration are always much higher than that
8355
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Figure 4. Determining the oblique angle of a VG array. (a, b) Top-view (a) and the cross-sectional (b) SEM images of the VG array with an
oblique angle θ0. (c) Schematic diagram of tilting the substrate with an angle α. The graphene sheets on the right part are vertical to the horizontal
plane. (d) Helicity-resolved Raman spectra of the sample with tilting angles 0 and 30°. (e) Correlation of ρ for the G mode of the VG array with a
tilting angle α. The formula given in the inset is used to ﬁt the data. The Raman spectra were normalized by the intensities of the 2D band. The
wavelength of the laser is 531.8 nm.

Due to the superior heat conductivity of graphene, VG
arrays have shown great potential in applications such as
thermal interface materials. The oblique angle is a determinative parameter that aﬀects the heat transfer capability. In the
following, we show that the oblique angle can be measured
using HRRS. For simplicity and distinction, we use α to
represent the tilting angle of the VG array, while θ is used to
denote the out-of-plane angle of a single graphene sheet with
respect to the horizontal plane. In order to obtain an analytical
model of the circular polarization ratio ρ with the tilting angle
α, the VG sample was tilted from 0 to 60°, as depicted in
Figure 3a. Note that the out-of-plane angle θ is diﬀerent for
graphene sheets with a diﬀerent in-plane orientation angle φ.
For example, the out-of-plane orientation angle θ of the
graphene sheet M (indicated by the right arrow in Figure 3a) is
always 90°, while the out-of-plane orientation angle of the
graphene sheet N (indicated by the left arrow in Figure 3a) is
(90° − α). Generally, the out-of-plane angle θ is related to α as

under the vertical polarization conﬁguration for both G and 2D
bands (see the Supporting Information, S4).
According to the Raman selection rules, the intensity of the
Raman scattered light can be expressed by the following
equation

I ∝ |es·R ·ei|2

(1)

where ei and es are Jones vectors and represent the polarization
directions of the incident and scattering light, respectively, and
R is the Raman tensor that depends on the symmetry of the
crystal and the vibrational mode.28
The G mode intensity of a graphene sheet with orientation
(θ,φ,ε), where the nutation angle θ (out-of-plane orientation
angle), the precession angle φ (in-plane orientation angle), and
the rotation angle ε are deﬁned in Figure 2a, under (σ+ σ−)
and (σ+ σ+) conﬁgurations can be calculated as (see the
Supporting Information for details, S5)
Iσ + σ + ∝ d 2(cos θ 2 − 1)2 = d 2 sin θ 4
2

2

2

2

Iσ + σ − ∝ d (cos θ + 1) + 4d cos θ

(2)
2

cos θ = sin φ sin α

(3)

(4)

where φ is the in-plane angle of graphene sheets as shown in
Figure 3a. Assuming that the in-plane angle φ is arbitrary for a
VG array, the Raman-scattered intensity of the VG array with a
tilting angle α can then be obtained by the following integrals
(see the Supporting Information for details, S6)

It is clearly seen that the intensities for both (σ+ σ−) and (σ+
σ+) conﬁgurations are independent of the in-plane orientation
angle φ and the rotation angle ε, but depend only on the outof-plane orientation angle θ. For a horizontal graphene sheet
(θ = 0°), as shown in Figure 2b, Iσ+ σ+ = 0 and Iσ+ σ− ∝ 2d2,
which means that the G band is helicity-changed Raman
scattering.36 For a vertical graphene sheet, shown in Figure 2c
(θ = 90°), the Raman intensities are the same for both
I
conﬁgurations and the circular polarization ratio ρ = Iσ+σ− = 1

∫0
∫0

σ+σ+

. Moreover, the circular polarization ratio ρ must be greater
than 1 for graphene sheets with all possible orientations, except
for θ = 0 and 90°, and ρ increases with increase in the
orientation angle θ. These explain well the experimental
observations in Figure 1c,e, which show ρ > 1 for the randomly
oriented graphene array, while ρ ≈ 1 for the VG array.

π

Iσ + σ +dφ ∝

3
1
π sin α 4 − 2 sin α 2· π + A ·π
8
2

(5)

Iσ + σ −dφ ∝

3
1
π sin α 4 + 6 sin α 2· π + A ·π
8
2

(6)

π

where A is a constant representing equal contributions to Iσ+ σ+
and Iσ+ σ− of the G mode; for example, by impurities such as
amorphous carbon. The value of parameter A is 1 if the sample
is a perfect VG array without any impurity, and increases with
the content of impurity. Finally, the relationship between the
8356
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polarization ratio ρ of the G mode intensity for (σ+ σ−) and
(σ+ σ+) conﬁgurations. The oblique angle of a VG array was
determined quantitatively by tilting the substrate with an error
of less than 5°, which implies that our technique is highly
reliable and accurate. The model we proposed can be extended
to determine the out-of-plane orientation of other materials
such as vertical carbon nanotube arrays or carbon nanotube
ﬁbers. In principle, if we combined linearly polarized Raman
spectroscopy and HRRS, three-dimensional spatial orientations
of various nanomaterial assemblies can be well characterized.

oblique angle α and the circular polarization ratio ρ of the G
mode intensities can be written as
0.375 sin α 4 − sin α 2 + A =

4 sin α 2
(ρ − 1)

(7)

Helicity-resolved Raman spectra of the VG array at diﬀerent
tilting angles (α) up to 60° were measured, and are plotted in
Figure 3b. All of the Raman spectra were normalized by the
intensities of the 2D band, which shows no circular
polarization dependence. It is apparent that the D band
intensities are also the same for both conﬁgurations. However,
the intensity diﬀerence of the G band between (σ+ σ−) and
(σ+ σ+) conﬁgurations becomes larger as the tilting angle
increases. The circular polarization ratios are extracted and
plotted in Figure 3c. The data can be well ﬁtted using eq 7 with
R2 of 0.997, and the value of parameter A is ﬁtted as 5.65.
In practice, the oblique angle of VG arrays can be changed
by tuning PECVD parameters. Exceptional changes of the
oblique angle are also possible during sample transfer and
device fabrication, which aﬀects the performance such as heat
conductivity in thermal management. The above model can be
used to eﬀectively determine the oblique angle of unknown VG
arrays. Figure 4a,b shows the top-view and the cross-sectional
SEM images of a VG array with an oblique angle θ0, which was
measured to be 24 ± 2°.
In order to determine the oblique angle θ0 using HRRS, the
VG array is tilted by an angle α, as shown in Figure 4c.
According to eqs 5 and 6, the oblique angle θ0 can be obtained
by changing α until Iσ+ σ+ = Iσ+ σ− is satisﬁed, or the least
polarization ratio is found (Figure 4d). The oblique angle can
also be determined more accurately by ﬁtting the α-dependent
circular polarization ratios (Figure 4e) using the following
equation
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CONCLUSIONS
The microscopic structure of nanomaterials assembly
determines the performance in practical functional applications. Raman spectroscopy stands out as one of the most
popular tools for structure characterization and, particularly,
the orientation of nanomaterial assemblies. We proposed a
technique of helicity-resolved Raman spectroscopy (HRRS) to
determine the oblique angle of VG arrays, which is crucial for
thermal management applications. Due to the nature of
circular polarization, the in-plane orientation angle φ has no
inﬂuence on the intensity of the G mode, which greatly
simpliﬁed the theoretical model. We showed that the oblique
angle of VG arrays can be measured through the circular
8357
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