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Xiao-Qing Yan, a Zhi-Bo Liu *abc and Jian-Guo Tianabc

The optical signals (such as Raman scattering, absorption, reflection) of van der Waals heterostructures

(vdWHs) are very important for structural analysis and the application of optoelectronic devices.

However, there is still a lack of research on the effect of each layer of two-dimensional materials on the

optical signals of vdWHs. Here, we investigated the contribution from different layers to the optical signal

of vdWHs by using angle-resolved polarized Raman spectroscopy (ARPRS) and angle-dependent

reflection spectroscopy. A suitable theoretical model for the optical signal of vdWHs generated by

different layers was developed, and vdWHs stacked by different two-dimensional (2D) materials were

analyzed. The results revealed a strong dependence of the relative strengths of the optical signals of the

upper and lower layers on the thicknesses of 2D materials and the SiO2 layer on the Si/SiO2 substrate.

Interestingly, on the 285 nm SiO2/Si substrate, the contribution to the optical signal by the underlying 2D

material was much greater than that by the upper layer. Furthermore, optical signals originating from

different layers of twisted black phosphorus (BP) for different twist angles were studied. There is great

significance for optical spectroscopy to study vdWHs, as well as the development of better twisted 2D

materials and moiré physics.
1. Introduction

van der Waals heterostructures (vdWHs) have received
increasing attention due to their unique electronic, optical and
mechanical properties,1–8 and have shown numerous inter-
esting physical behaviors, such as Hofstadter's spectra,1

nonlinear optics,2 moiré excitons,3 topological polaritons,4–6

and unconventional superconductivity.7,8 These features have
great application potential in electronics and photonics.

The optical properties of two-dimensional (2D) materials are
worthy to be studied to help to reveal the intrinsic physics of
strong light–matter interactions,9,10 and may contribute to
designing smart optoelectronic devices in the eld of nano-
technology.11–13 Nowadays, most current studies extend from
the optical properties of independent 2Dmaterials toward those
of vdWHs.14–17 However, since the optical signal in vdWHs
depends not only on the dielectric constant and thickness of
each layer, but also on the stacked structure, the contribution of
r Photonics, Ministry of Education, School

ute, Nankai University, Tianjin 300071,

ge Center, Nankai University, Tianjin

reme Optics, Shanxi University, Taiyuan,
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each layer to the optical signal is very complicated. At present,
systematic studies related to optical signals from different
layers of heterojunctions are still lacking. Therefore, the anal-
ysis of optical signals in vdWHs is of great signicance to the
characterization of structures and the application of optoelec-
tronic devices, especially to study the relative contribution of
each layer to optical signals in vdWHs.

Here, we used angle-resolved polarized Raman spectroscopy
(ARPRS)18–21 and the anisotropic imaging technique (AIT)22 to
characterize the optical signal generated by different layers,
which was widely applied to determine the crystalline orienta-
tion of layered 2D anisotropic materials. At the macro-scale, the
superimposition of two layers of the same medium (top and
bottom layers) revealed the optical signal to come only from the
top medium. However, at the micro-scale, the optical signal
coming from the bottom black phosphorus (BP) layer appeared
when the top BP layer almost vanished due to stacking of two BP
akes. The physical phenomenon was attributed to stacking of
two or three BP samples together, which was also present in
other vdWHs like BP/ReS2. Based on this phenomenon, a theory
based on multiple interference was then developed to describe
the relative Raman intensity of each mode in vdWHs. The
theoretical and experimental data were used to identify the
relationships between the thicknesses of vdWHs and SiO2 layers
as a function of the relative Raman intensity of BP/BP, graphene
(G)/BP and BP/ReS2 vdWHs, respectively. We also revealed how
the stacking angle affected the Raman intensity of BP/BP
© 2021 The Author(s). Published by the Royal Society of Chemistry
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vdWHs. The experimental data also showed that the reection
spectroscopy signal generated by different layers is a function of
the thicknesses of vdWHs and SiO2 layers. Overall, these nd-
ings would surely benet future studies of optics, optoelec-
tronics, and moiré physics in vdWHs.
2. Theoretical model of Raman
intensity in vdWHs

ARPRS was measured using a laser with linear polarization, and
the scattered light was measured using a linear polarizer to
independently measure components parallel to the incident
laser polarization. All the experimental and theoretical results
were obtained under the parallel conguration. The corre-
sponding intrinsic Raman intensity for a given mode could be
calculated according to eqn (1):18–20

I if
���bei$ ~R $bes ���2 (1)

where bes and bei are the polarization vectors of the scattered and
incident photons, respectively.

However, eqn (1) would not be enough to describe the
Raman intensity coming from the sample, that is because the
essential interference factor resulting from the interference
effects in laser and Raman scattered lights is not taken into
account.

For two superimposed layers of 2D materials, the Raman
intensity of the overlapped region can be expressed according to
eqn (2):

Iove ¼ Itop + Ibot (2)

where Iove is the Raman intensity of the overlapped region. Itop
represents the Raman signal coming from the top 2D material
layer, and Ibot denotes the Raman signal induced by the bottom
2D material layer. The Raman intensity can also be expressed
following eqn (3):23,24

Itop f FtopI
i
top, Ibot f FbotI

i
bot, Iove f FtopI

i
top + FbotI

i
bot (3)

where Ftop and Fbot are interference factors of the top and
bottom 2D material layers. For overlapped regions consisting of
two different 2D materials, the Raman signal of each mode
would come from either the top or the bottom 2D material
layers.

The direction of the maximum Raman intensity was used to
decide the crystalline orientation of 2D materials,18 and inter-
ference factors along this direction were mainly discussed. The
parameter m, which is the ratio of the maximum Raman
intensity of the independent to overlapped region, can be
expressed by eqn (4):

m ¼

8>>>>><
>>>>>:

Imax
top0

Imax
ove

Imax
bot0

Imax
ove

(4)
© 2021 The Author(s). Published by the Royal Society of Chemistry
where Imax
top0 and Imax

bot0 are the maximum Raman intensity of
independent top and bottom 2D materials. For 0 < m < 1, the
maximum Raman signal of the overlapped region is larger than
that of the independent region, while for m > 1, the situation is
the opposite.

For van der Waals homo-structures, the Raman signals of the
overlapped region would be generated from both the top and
bottom layers. Thus, the values of s would be used to describe
the Raman signal contributions of both the top and bottom
layers (eqn (5)):

s ¼ Fmax
top

Fmax
bot

(5)

The obtained physical phenomena were then translated into
mathematical models. For s < 1, the maximum interference
factor of the bottom layer was larger than that of the top layer.
Therefore, the maximum Raman signal coming from the
bottom layer was larger than that originating from the top layer.
For s > 1, the maximum Raman signal induced by the top layer
was superior to that generated by the bottom layer.

BP/BP van der Waals homo-structures were utilized to verify
the proposed theory. To this end, ARPRS was carried out on the
bottom BP, top BP and overlapped region. A1

g, B2g and A2
g modes

were considered as the three characteristic Ramanmodes of BP.
The Raman tensor of Ag and B2g modes in the backscattering
geometry in complex forms can be expressed according to eqn
(6) and (7):25

R
�
Ag

� ¼
8<
:

jajeifa 0 0
0 jbjeifb 0

0 0 jcjeifc

9=
; (6)

R
�
B2g

� ¼
8<
:

0 0 jejeife
0 0 0

jejeife 0 0

9=
; (7)

The corresponding Raman intensity under the parallel
conguration for a given mode would be proportional to eqn
(1), and the polarization vectors with parallel polarization can
be expressed following eqn (8):20

bes ¼ bei ¼ ðcos q; 0; sin qÞ (8)

where q represents the angle between the laser polarization and
zigzag (ZZ) direction of BP akes.

The Raman intensity of Ag modes under the parallel
conguration might be given by eqn (9):20

I
jj
Ag
f
���ðcos q; 0; sin qÞ$ ~R$ðcos q; 0; sin qÞT

���2
¼ jaj2

��
cos2 qþ

���c
a

���cos fca sin
2
q
�2

þ
���c
a

���2sin2
fca sin

4
q

�
(9)

where fca is the phase difference between the Raman tensor
elements c and a.

Besides, the Raman intensity of the B2g mode under the
parallel conguration can be provided by eqn (10):20
Nanoscale Adv., 2021, 3, 3114–3123 | 3115
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I
jj
B2g

f4jej2cos2 q sin2
q (10)

The crystalline orientation of BP can be clearly distinguished
in eqn (9). Thus, eqn (9) was used to t the experimental data of
BP. The values of a, c, e, and fca have been reported in the
literature,20 so Ii can be calculated by eqn (9). Note that the
Raman signal of the overlapped region consisted of those
coming from the bottom and top BP, and the relative proportion
can be represented by the parameter s. The parameter m is the
ratio of maximum Raman intensity of the independent BP to
the overlapped region. The parameters m and s are the main
contents we will discuss.

Next, interference factors were introduced into the calcula-
tions. Unlike previous studies, the physical model of the
experiments consisted of ve phases instead of four, and BP was
considered as an anisotropic instead of isotropic 2D material.
Like previous studies, the proposed theory could also be
Fig. 1 The calculation of interference factors of the Raman signal for vdW
BP/bottom BP/SiO2/Si. The Raman signal of the overlapped region gene
a function of thicknesses of SiO2 and BP layers. The value of s was calcu
calculated and the stacking angle was (iii) 0� and (iv) 90�. (c) The variati
heterostructure wasmade of top G and bottom BP for the Gmode. (ii) The
The heterostructures were made of top G and bottom BP for the A2

g mo
A2
g mode. The laser polarization plane was along the AC direction. (d) The

BP is the top layer. (i) G mode of BP. The stacking angle between the Z
stacking angle is 90�. (iii) V mode of ReS2. The stacking angle is 0�. (iv) V

3116 | Nanoscale Adv., 2021, 3, 3114–3123
developed using multiple reection interference. On the other
hand, the Raman intensity can be separated into two parts: (i)
the Raman signal induced by the bottom BP layer and (ii) the
Raman signal generated by the top BP layer. Thus, Raman
signals generated from the bottom and top BP layers can be
calculated independently. Besides, an approximation was
introduced before any calculation of intensities. The approxi-
mation assumed the variation of n along the p–s plane as an
elliptical shape, where n along the p direction is denoted as np,
and n along the s direction is called ns. nZZ and nAC are the
refractive indexes of BP along with ZZ and armchair (AC)
directions. Note that nZZ and nAC represent the two axes of the
ellipse. Therefore, n(q) along a given direction q (equivalent to
the polarized light direction) can be expressed according to eqn
(11):26

n2ðqÞ ¼ nAC
2nZZ

2

nAC
2 cos2 qþ nZZ2 sin2

q
(11)
Hs under the parallel configuration. (a) Scheme of five phases of air/top
rated by (i) top BP and (ii) bottom BP. (b) The variations in s and m as
lated and the stacking angle was (i) 0� and (ii) 90�. The value of m was
on in m as a function of thicknesses of SiO2, G, and BP layers. (i) The
heterostructure wasmade of top BP and bottomG for the Gmode. (iii)

de. (iv) The heterostructure was made of top BP and bottom G for the
calculation result ofm as a function of thicknesses of SiO2, BP and ReS2.
Z direction of BP and the b-axis of ReS2 is 0�. (ii) A2

g mode of BP. The
mode of ReS2. The stacking angle is 90�.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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n(q) represents the refractive index of the top BP layer along the
given direction q. G is the twist angle, and n(G + q) denotes the
refractive index of the bottom BP. This approximation greatly
reduced the calculation load. For thin BP layers, the change in
the polarization angle was smaller. In other words, thinner BP
layers yielded more precise approximations.

For the bottom BP layer (Fig. 1(a)(i)), the net absorption at
position x can be dened as Fbotab (x). The factors related to
reection of the Raman signal at position x can be dened as
Fbotsc (x) (see ESI note 1 for more calculation details†). The whole
interference factors can be recalculated when considering both
terms. Since the Raman intensity would be proportional to the
enhancement factors (Fbotab (x) and Fbotsc (x)), the total interference
factors caused by the multiple interference effect could be given
by eqn (12):19,20

Fbot ¼ N

ðd2
0

��Fbot
ab ðxÞ$Fbot

sc ðxÞ��2dx (12)

where N is the normalization factor.
For the top BP layer shown in Fig. 1(a)(ii), the total inter-

ference factors can also be expressed by eqn (13):19,20

Ftop ¼ N

ðd1
0

��F top
ab ðxÞ$F top

sc ðxÞ��2dx (13)

The analysis of the above-mentioned considerations revealed
proportional relationships between the Raman intensities of
the bottom or top BP layers and interference factors F. Note that
the refractive index of BP reported in the literature was used for
calculations.27

The variations inm and s as a function of thicknesses of SiO2

and bottom BP layers for the A2
g mode are provided in Fig. 1(b),
Fig. 2 Polarization dependence of Ramanmodes for BP under the parall
wavelength. (a) The schematic diagram of the polarization dependence
lapped region. The green light represents the laser source with a wavelen
signal generated by the bottom and top BP in the overlapped region. (b–
at different polarization angles. (e) A2

g mode as a function of the polariz
optical image of the BP/BP junction. (g) The Raman mapping for the sam
image of the sample. The thicknesses of the bottom BP and the overlap

© 2021 The Author(s). Published by the Royal Society of Chemistry
note that thicknesses of the top and bottom BP layers were kept
the same so that the thickness of the overlapped region would
be twice that of the bottom or top BP layers. Also, the theoretical
excitation wavelength of 532 was employed in the simulation. In
Fig. 1(b), the zone of ratio s < 1 can be visualized from the
picture, which is wider than that of s > 1, indicating that the
maximum Raman signal induced by the bottom BP layer was
larger than that generated by the top BP layer (Fig. 1(b)(i and ii)).
This phenomenon predicted by the theory was abnormal but
rstly observed by experiments (Fig. 2(g)). On the other hand,
the zone of s < 1 looked much larger for the Si substrate with
a 285 nm SiO2 layer. The Si substrate with a 285 nm SiO2 layer
was oen used in the experiment because of the high contrast of
2D materials.28 The value of m increased rst and then
decreased as the BP thickness deposited on a 285 nm thick SiO2

layer rose from 5 nm to 40 nm. In Fig. 1(b)(iii and iv), the zone of
m < 1 changed periodically with the thickness of the SiO2 layer
and twist angle, but the latter demonstrated a smaller inuence
than the former. The theoretical excitation wavelength of
514.5 nm was also employed in the simulation (Fig. S3†).

Moreover, the hetero-structures formed by anisotropic and
isotropic 2D materials, BP and graphene were also studied, and
the simulation results are displayed in Fig. 1(c)(i–iv). For the
zone of m < 1, the Raman signal of the overlapped region was
much larger than that of the independent region. This sug-
gested an enhancement in the Raman signal when 2Dmaterials
were stacked together. The experimental results are demon-
strated in Fig. 4(e and f) showing that m > 1 on the Si substrate
with a 285 nm SiO2 layer.

The variations in m as a function of the thicknesses of SiO2,
BP, and ReS2 layers for A

2
g mode are illustrated in Fig. 1(d)(i and

ii). Note that the thicknesses of the top BP and bottom ReS2
el configuration on a 285 nm SiO2/Si substrate with a 532 nm excitation
measurement of Raman modes for top BP, bottom BP, and the over-
gth of 532 nm. The blue light and the orange light represent the Raman
d) The Raman spectra of bottom BP, top BP, and the overlapped region
ation angle for bottom BP, top BP, and the overlapped region. (f) The
ple at 0�, 30�, 60�, 90�, 120�, and 150� polarization angles. (h) The AFM
ped region are 7.3 and 14.4 nm.

Nanoscale Adv., 2021, 3, 3114–3123 | 3117
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Fig. 3 Polarization dependence of A1
g, B2g and A2

g modes for different stacking angles on a 285 nm SiO2/Si substrate with a 514.5 nm excitation
wavelength. (a) The optical image of the BP heterojunction for a 0� stacking angle. Inset is the AFM image. (i) A1

g, (ii) B2g and (iii) A2
g modes as

a function of the polarization angle. (b) The optical image of the BP heterojunction for a 21� stacking angle. Inset is the AFM image. (i) A1
g, (ii) B2g

and (iii) A2
g modes as a function of the polarization angle. (c) The optical image of the BP heterojunction for a 74� stacking angle. Inset is the AFM

image. (i) A1
g, (ii) B2g and (iii) A2

g modes as a function of the polarization angle.
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layers were kept the same so that the thickness of the over-
lapped region would be twice that of the top BP layer. For the
top layer made of BP (Fig. 1(d)(i and ii)), the zone of m > 1
changed periodically with the thickness of the SiO2 layer and
twist angle, but the latter demonstrated a smaller inuence
than the former. Fig. 1(d)(iii and iv) show the variation in m as
a function of the thicknesses of SiO2 and ReS2 layers for the V
mode of the ReS2 layer. We found that results shown in
Fig. 1(d)(iii and iv) look similar to those of Fig. 1(d)(i and ii), but
with a larger zone of m < 1, and the values of m on the 285 nm
SiO2 layer were smaller than those in Fig. 1(a)(i and ii).
3. Experimental methods

Few layers BP, ReS2 and G were exfoliated using a mechanical
method29,30 from the bulk crystal and then deposited on the
SiO2/Si substrate and polydimethylsiloxane (PDMS) substrate.
For vdWHs, the dry-transfer technique was used to transfer the
top layer on the PDMS substrate onto the top of the bottom layer
on the SiO2/Si substrate. The vdWHs are fabricated successfully.
To make sure that the thicknesses of bottom BP and top BP are
the same, BP was prepared on the PDMS substrate using
amechanical method, the BP was transferred onto the top of the
graphene, the BP ake was separated into two pieces,31 one of
the two pieces were rotatedmanually by a twist angle, two pieces
were stacked together and twisted black phosphorus (TBP) was
fabricated successfully.
3118 | Nanoscale Adv., 2021, 3, 3114–3123
The thickness of BP is determined by atomic force micros-
copy (AFM). For the Raman characterization, the WITec
alpha300 RAS system with the 532 nm excitation laser and the
RENISHAW RM2000 system with the 514.5 nm excitation laser
were used to obtained the Raman spectrum. The sample was
excited under the 514.5 nm laser at a power of 1 mW under
a 50� objective lens with a N.A of 0.65. The other sample that
was used to prove the theory was excited under the 532 nm laser
at a power of 0.1 mw under a 100� objective lens with a N.A of
0.9. Under the parallel conguration, the polarization direc-
tions of the excitation laser and scattered light were rotated to
obtain the polarized-Raman spectrum with increasing rotation
angle in steps of 15 and the sample was xed. For the AIT
measurement, a Nikon optical microscope (Eclipse Ci-S) with
a ber optic illuminator (Halogen lamp, 12 V, 150 W, LS-LHA)
was used. Angle-dependent reectance spectra were obtained
using a CCD detector (YW500 Camera) when the polarizer was
rotated. 10 nm band-pass lters were used to generate quasi-
monochromatic light (Thorlabs, FB600-10). 40�/0.65 dry
objective lenses were used.
4. Results and discussion

The polarization Raman technique was carried out on the
bottom, top BP, and overlapped region under the parallel
conguration (see ESI note 12† for the measurement under the
cross and unpolarized congurations). The preparation of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Polarization diagram of the Raman intensity of the A2
g mode for the BP/BP junction on the Si/SiO2 substrate under the parallel config-

uration with a 532 nm excitation wavelength. (a–c) The polarization-resolved Raman spectra of the BP/BP junction on the Si substrates with 0,
30, and 100 nm SiO2 layers as a function of the polarization angle. The Raman signal was generated by (i) bottom BP, (ii) overlapped region, and
(iii) top BP. (d and e) The theoretical and experimental data of the value of m (the ratio of the Raman intensity of bottom BP to that of the
overlapped region) as a function of the thickness of the BP/BP junction on the 30 nm SiO2/Si substrate. (f) The theoretical and experimental data
of the value of s (themaximum interference factors of bottom BP to that of the top BP) as a function of the thickness of the BP/BP junction on the
30 nm SiO2/Si substrate.
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vdWHs is provided in the Methods section. Fig. 2(a) gathers the
polarization dependence measurements of Raman modes
under the parallel conguration. The Raman signal induced by
© 2021 The Author(s). Published by the Royal Society of Chemistry
bottom BP (orange light) is larger than that generated by top BP
(blue light). The three characteristic Raman modes A1

g, B2g, and
A2
g of BP are shown in Fig. 2(b and d). The images obtained by
Nanoscale Adv., 2021, 3, 3114–3123 | 3119
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the optical microscopy and AFM techniques for the bottom and
top BP layers and the overlapped region are provided in Fig. 2(f
and h). The evolution of Raman spectra with the rotation of
polarized light about the surface normal of the BP/BP junction
is presented in Fig. 2(b and d). The peak positions remained
unchanged, but the intensity of each peak varied strongly with
the polarization angle. Thus, the A2

g mode could be used to
identify the crystalline orientation of BP.18–21

The polarization dependence of the Raman intensity for the
A2
g mode is depicted in Fig. 2(e). The twist angle was set to 90�

and the azimuth angle of maximum Raman intensity of the
overlapped region was parallel to the crystalline orientation of
bottom BP. The polarization dependence of the A2

g mode for the
overlapped region revealed strong anisotropy properties.32 The
overlapped region could be regarded as a synthetic anisotropic
independent entity. Considering the polarization angle along
the maximum Raman intensity direction as crystalline orien-
tation of the BP layer and overlapped region,18 we could easily
nd that the crystalline orientation of the overlapped region
(CRO) is parallel to that of bottom BP instead of top BP. Such
a phenomenon can also be visualized from Raman mapping
(Fig. 2(g)), where the color variation tendency of the overlapped
region was consistent with that of the bottom BP layer. That is
because the interference factors of bottom BP were larger than
those of top BP, and the anisotropic properties of the over-
lapped region mainly depended on bottom BP.

Unique Raman behaviors could also exist at different stack-
ing angles, layers (Fig. S8†), and different Raman active modes.
The polarization dependence of A1g, B2g, and A2

g modes under the
parallel conguration at different stacking angles is exhibited in
Fig. 3. At a stacking angle of 0�, the crystalline orientation of the
overlapped region for the A2

g mode was the same as those of the
bottom and top BP. The Raman intensities were weaker than
those of bottom and top BP in all cases studied in Fig. 3. This is
because the parameter m is always bigger than 1 in the thick-
ness range of BP we studied. The crystalline orientation obvi-
ously skewed toward the crystalline orientation of bottom BP,
which was found in all Raman active modes.

The thickness of the SiO2 layer could impact the interference
factors based on multiple interference.20,23,24 To clarify the
reason why the interference factors of bottom BP were larger
than that of top BP, BP/BP junctions assembled on the Si
substrate with different thicknesses of SiO2 layers were tested
under the parallel conguration. The reason can be extracted by
looking at the variation in the Raman intensity of the A2

g mode
under different thicknesses of the SiO2 layer. For the 30 nm
SiO2/Si substrate, the interference factor of bottom BP was the
same as that of top BP (Fig. 4(b)), which led to the crystalline
orientation of the overlapped region parallel to that of bottom
and top BP (s x 1). Fig. S1† shows that the crystalline orienta-
tion of the overlapped region skewed toward that of the top BP (s
> 1). At fused Si and 100 nm SiO2/Si substrates, the crystalline
orientation of the overlapped region depended on bottom BP
(Fig. 4(a)). Consequently, the thickness of the SiO2 layer was one
reason to consider since it can strongly inuence the interfer-
ence effect. Thus, multiple interference may explain the
3120 | Nanoscale Adv., 2021, 3, 3114–3123
behavior of crystalline orientation dependence of the over-
lapped region.

The measurement of m and s for the A2g mode was utilized to
prove the correctness of the proposed theory. The polarization
Raman technique was carried out on the BP/BP junction under
the parallel conguration. The thicknesses of bottom and top
BP were kept the same, so that the thickness of the overlapped
region was twice that of bottom BP or top BP. The Raman
intensity for the A2

g mode of the bottom BP was almost the same
as that of the top BP along AC and ZZ directions (Fig. S2†). The
ratio m of the Raman intensity was then calculated for bottom
BP and TBP as a function of thicknesses of the independent BP
and the SiO2 layers. The SiO2 layer with a thickness of 30 nmwas
employed to test the variation of Raman intensity with the
thickness of BP. In our analysis above, the normal incidence is
assumed. However, the numerical aperture (N.A.) of the objec-
tive lens is large, and it needs to be considered. The simulation
results of normal incidence and 0.9 N.A. were given respectively.
The values of m decreased slightly as the N.A. increased, and
that of s almost kept the same (Fig. 4(d and e)). The objective
lens with 0.9 N.A. was used in the measurement, and the
experimental data agreed well with the theory (Fig. 4(d and e)).
The region where the Raman intensity of the overlapped region
was smaller than that of the independent region can be directly
visualized [Fig. 1(b)(iii and iv)]. Due to the fact that the inter-
ference factor for the 90� BP/BP junction between the ZZ and AC
directions (FZZ/FAC) was �1.03 (see ESI note 13 for more
details†), the values of s can be extracted from the experimental
data when the twist angle was 90� (see ESI note 7 for more
details†). The experimental data were consistent with the theory
(Fig. 4(f)). The calculations indicated that the behavior strongly
depended on the thicknesses of BP and SiO2 layers.

Fig. 2(e) and 5(a(ii) and b(ii) show the polarization depen-
dence of the A2

g mode for the BP/BP junction with different BP
thicknesses under the parallel polarization conguration on the
285 nm SiO2/Si substrate. The values of s got smaller as the BP
thicknesses increased from 7.3 to 10.7 nm. Because the ratio of
the second maximum Raman intensity to maximum Raman
intensity for the overlapped region got smaller, the values of m
got larger. This was consistent with the simulation results
(Fig. 1(b)).

The BP/ReS2 junction was assembled to demonstrate that the
theory can be applied to the heterojunction assembled from
different 2D materials. The Raman spectrum of the overlapped
region showed no new peaks beyond the characteristic peaks of
BP and ReS2 (Fig. 5(e)). Thus, the Raman signal in the over-
lapped region was indeed generated from the bottom and top
samples, but with different interference factors.

Fig. 5(f and g) show the crystalline orientation of ReS2 and BP
identied by the polarization dependence under the parallel
conguration in the overlapped region. The ARPRS intensity of
ReS2 and BP exhibits axisymmetry. The polarization depen-
dence of each mode did not shi but Raman intensity
decreased. Therefore, the polarization dependence of Raman
modes for the overlapped region can be regarded as the sum of
those generated by bottom and top samples with different s.m >
1 was observed for the overlapped region, which is consistent
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Polarization dependence of Ramanmodes for BP/BP, BP/ReS2, BP/G heterojunctions under the parallel polarization configuration on the
285 nm SiO2/Si substrate. (a and b) Polarization dependence of Ramanmodes for the BP/BP junction under parallel polarization configuration on
the 285 nm SiO2/Si substrate. The thicknesses of the bottom BP were 9.1 and 10.7 nm. (i) The optical image of the BP/BP junction. (ii) A2

g mode as
a function of the polarization angle for bottom BP, top BP, and the overlapped region. (c) The Raman spectrum of top BP, bottom G, and the
overlapped region. The excitation wavelength of 532 nm was employed. Inset is the optical image of the BP/G heterojunction. (d) The Raman
spectrum of bottom BP, top G, and the overlapped region. The excitation wavelength of 532 nm was employed. Inset is the optical image of the
G/BP heterojunction. (e) The Raman spectrum of top ReS2, bottom BP, and the overlapped region. The excitation wavelength of 532 nm was
employed. Inset is the AFM image of the BP/ReS2 heterojunction. (f) A2

g mode as a function of the polarization angle for BP. The excitation
wavelength of 532 nmwas employed. (g) Vmode (213 cm�1) as a function of the polarization angle for ReS2. The excitationwavelength of 532 nm
was employed.
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with the theory (Fig. 1(d)). Interference factors based on the
multiple interference could help in clarifying the nature of such
behaviors. Fig. 5(c and d) show the Raman spectrum of the BP/G
heterostructure deposited on the 285 nm SiO2/Si substrate. The
Raman intensity of the overlapped region was weaker than that
of the independent region of BP and G, consistent with the
theoretical predictions (Fig. 1(c)). It should be noted that our
proposed multiple reection interference was not unique to
Raman measurements but can be applied to any spectroscopic
measurements. Our work may benet future studies related to
Raman scattering of vdWHs.

Angle-dependent reection spectroscopy is one of the main
methods to determine the crystalline orientation of layered 2D
materials. AIT was used to investigate the crystalline orientation
of BP and TBP. For the 285 nm SiO2/Si substrate, the CRO
depended on the bottom BP (Fig. 6(a and c)), but at the 30 nm
© 2021 The Author(s). Published by the Royal Society of Chemistry
SiO2/Si substrate, the CRO obviously skewed toward the top BP
(Fig. 6(b and d)). The experimental results showed that the
reection spectroscopy signal originating from the different
layers can be modulated by the Si substrate with different SiO2

thicknesses. The experimental and theoretical results from the
angle-dependent reectance spectra with different BP thick-
nesses, wavelength, and the twist angle are shown in Fig. S5–
S7,† which show that the wavelength and the twist angle caused
a small impact in the relative reection spectroscopy signal
originating from different layers in vdWHs (see ESI for more
details†). However, the thicknesses of the sample and the SiO2

layer can strongly inuence the relative reection spectroscopy
signal that originated from different layers in vdWHs.

The Raman intensity of each vdWH mode was successfully
studied. The values of m and s as a function of thicknesses of
SiO2 and sample layers were studied both in theory and
Nanoscale Adv., 2021, 3, 3114–3123 | 3121

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0na00906g


Fig. 6 The crystalline orientationmapping for the BP/BP junction with a 90� twist angle on the 285 nm Si/SiO2 substrate. (a and b) The crystalline
orientation mapping for the BP/BP junction on the Si substrates with 285 and 30 nm SiO2 layers. (c and d) The reflected light intensity spectra of
top BP, bottom BP, and the overlapped region as a function of the rotation angle of the polarizer at a wavelength of 600 nm.
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experiment. In general, the scale of m and s changed periodi-
cally with the thickness of the SiO2 layer. The zone of s < 1 was
larger than that of s > 1 for the BP/BP junction, Thus, the
maximum Raman signal of the overlapped region issued from
bottom BP was larger than that induced by the top BP in a wide
zone. As the sample thickness rose, m increased rst and then
decreased. In many cases, the zone observed form > 1 was larger
than that for m < 1. Therefore, the Raman intensity of the
overlapped region was regularly weaker than that of the inde-
pendent region and this was veried by studying the BP/BP,
ReS2/BP, and G/BP vdWHS experimentally. The experiments
showed that the Raman signal of the overlapped region on the
285 nm SiO2/Si substrate originating from bottom BP was larger
than that induced by top BP. However, the Raman signal of the
overlapped region on the 30 nm SiO2 layer originating from
bottom BP was the same as that of top BP. Great agreement
between the experimental data and the theory was observed
when studying the BP/BP junction on the 30 nm Si/SiO2

substrate. The Raman intensity of each mode in vdWHs can be
precisely predicted and modulated by the thicknesses of SiO2

and sample layers.
5. Conclusion

The Raman intensities of BP/G, BP/BP, and ReS2/BP vdWHs on
a SiO2/Si substrate were all studied under parallel polarization,
and we found that the contribution of the Raman signal
3122 | Nanoscale Adv., 2021, 3, 3114–3123
induced by the underlying 2D material was much greater than
that of the upper layer in some cases for the rst time. The
polarization dependence of Raman modes of BP/BP vdWHs was
particularly studied by combining experiments with the theory.
When two layers of nano-thick two-dimensional materials were
stacked together, the ratio of interference factors for the bottom
and top layers and the anisotropy of the heterojunction might
be modulated by thicknesses of SiO2 and sample layers. In sum,
the Raman intensity of each layer can precisely be modulated by
its thickness. The results also demonstrated that the reection
spectroscopy signal generated by different layers in vdWHs can
be modulated by the substrate, the sample thickness, and the
twist angle. Interestingly, when the CRO depended on bottom
layer 2D materials, the optical signal generated by the bottom
layer 2D material was much larger than that of the top layer 2D
material. Overall, these ndings look promising for future
studies of vdWHs.
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9 W. Ma, P. Alonso-González, S. Li, A. Y. Nikitin, J. Yuan,
J. Mart́ın-Sánchez, J. Taboada-Gutiérrez, I. Amenabar, P. Li,
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